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ABSTRACT
MARKET-CONSCIOUS STRATEGIES TO IMPROVE THE PERFORMANCE AND
STABILITY OF PLANAR, p-i-n HYBRID ORGANIC-INORGANIC METAL HALIDE
PEROVSKITE SOLAR CELLS
SEPTEMBER 2020
BRANDON JAMES DUNHAM
B.A. CHEMISTRY, STONEHILL COLLEGE
B.S. CHEMICAL ENGINEERING, UNIVERSITY OF NOTRE DAME
Ph.D. CHEMICAL ENGINEERING, UNIVERSITY OF MASSACHUSETTS
AMHERST
Directed by: Professor Christos Dimitrakopoulos
Planar, p-i-n (inverted) hybrid organic-inorganic perovskite solar cells that use lowtemperature, solution-processable charge-transport layers have garnered much attention
due to their direct compatibility with flexible substrates and cost-effective roll-to-roll
manufacturing. Nevertheless, this architecture has failed to repeatedly achieve the superior
power conversion efficiencies frequently attained by its n-i-p counterpart. Additionally, the
perovskite active layer has poor stability in the presence of prolonged light exposure, high
temperatures, and moisture. In this study, we propose commercially viable strategies to
improve the performance and stability of inverted methylammonium lead iodide perovskite
solar cells. First, we show that a simple two-step method comprising evaporation-induced
self-assembly of a lead iodide intermediate film coupled with the intermolecular exchange
of methylammonium iodide can yield high-quality methylammonium lead iodide
perovskite films on non-ideal surfaces. Complete inverted devices with the perovskite
active layer formed via this method outperformed those devices with a perovskite layer
produced using a conventional method. Second, we successfully replace the commonly
used but environmentally unstable calcium-aluminum electrode with a more stable silver
electrode in inverted perovskite devices via interfacial engineering without compromising
device performance. By introducing a solution-processable, thickness-tolerant n-doped
zwitterionic fulleropyrrolidine interlayer between the phenyl-C61-butyric acid methyl ester
electron-transporting layer and the silver electrode, we successfully lower the work
function of the silver and improve charge transport, which led to an increase in device
performance compared to those devices with a calcium-aluminum electrode. Third, we
examine the use of copper-based hole-transport materials in inverted perovskite solar cells
as a replacement for the more commonly used but less stable poly(3,4ethylenedioxythiophene) polystyrene sulfonate hole-transport material. We show that in
vi

most cases devices with a copper-based hole-transport material outperform those with a
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate hole-transport material due to the
additive benefits from all relevant film/material properties (i.e. morphology, optics,
crystallinity/charge transport potential, and electronic band level alignment). Finally, we
present a procedure to effectively transfer monolayer CVD graphene onto a perovskite
surface without damaging or degrading the perovskite. We show that the incorporation of
graphene significantly improves perovskite film and inverted device stability in the
presence of moisture and heat without sacrificing the overall device performance.
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CHAPTER 1
SOLAR ENERGY: MOTIVATION AND HISTORY
1.1 Global Warming and Climate Change
When fossil fuels such as coal and oil are burned at an unsustainable rate, the emitted
greenhouse gases (e.g. carbon dioxide, CO2) accumulate in the atmosphere. As the
concentration of greenhouse gases in the atmosphere increases, it becomes progressively
more difficult for heat radiated from the Earth’s surface to escape into space, which causes
the average temperature of the planet to rise. This phenomenon, referred to as Global
Warming, is a direct cause of Climate Change, one of the greatest threats the world faces
today. According to the Mauna Loa Observatory, the atmospheric CO 2 concentration has
already exceeded 400 ppm (Figure 1).1

Figure 1. Global monthly mean atmospheric CO2 since 1980. As of January 2020, the
average atmospheric CO2 level was 412.3 ppm. Reproduced from Reference [1].

In order to help avoid any further progression of Climate Change, the world must look to
adopt renewable sources of energy that emit fewer to no greenhouse gases into the
atmosphere when used.

1

1.2 World Energy Demand
As the world population continues to increase, so too does the amount of energy used. An
overview of the sources of energy used and the amount of power each source supplies is
given in Figure 2. The world currently consumes around 16 TW of energy 2, and it is
estimated that this number will increase nearly 30% by 2040.3 To meet this increase in
demand, the world must find additional large scale, affordable, and, preferably, sustainable
energy sources. The radiation from the sun supplies about 23,000 TW of power to the
Earth2, making it an efficient and feasible energy source to harvest and convert to electrical
energy. While it is not possible to collect all this energy, photovoltaic (PV) technology like
solar cells, which harvest and convert sunlight to electricity, are still a very viable
alternative to help meet the world energy demand.

Figure 2. Available power from various renewable and nonrenewable energy sources. Also
shown is the approximate world energy demand. Reproduced from Reference [2].

1.3 Brief Photovoltaic Technology Review
Current PV technology can be divided into three main categories: first generation solar
cells, second generation solar cells, and third generation solar cells. First generation solar
cells are those comprised of crystalline silicon (monocrystalline or polycrystalline).
2

Originally invented by Bell Labs in 1954 for use in satellites 4, silicon-based solar cells
eventually emerged as the dominate technology in the commercial solar market (and
continue to be so) due to their exceptional ambient stability and sunlight-to-electricity
power conversion efficiency (PCE). According to the National Renewable Energy
Laboratory (NREL), laboratory-scale monocrystalline and polycrystalline silicon solar
cells have achieved PCEs of 26.1-26.6% and 22.3%, respectively.5 A chart listing the best
certified efficiencies for laboratory scale solar cells is given in Figure 3.

Figure 3. The highest certified PCEs for laboratory-scale solar cells for a range of
photovoltaic technologies from 1976 to the present. Reproduced from Reference [5].

Under thermodynamic consideration of detailed balance, in the absence of nonradiative
recombination, the theoretical maximum PCE for a single-junction solar cell is 33.7% for
AM1.5G solar spectrum at 25 °C.6 This value is known as the Shockley–Queisser limit.
Despite their remarkable history, though, silicon-based solar cells still suffer from high
costs of production.7
3

Second generation solar cells are made up of different semiconducting thin film
technologies such as gallium arsenide (GaAs), cadmium telluride (CdTe), copper indium
gallium selenide (CIGS), and amorphous silicon (a-Si). The maximum laboratory-scale
single-junction PCEs that have been achieved for these four technologies are 27.8-30.5%
(GaAs), 22.1% (CdTe), 22.9-23.3% (CIGS), and 14% (a-Si), making them competitive
with crystalline silicon PVs.5 Second generation solar cells have also found a niche in
multi-junction tandem architectures, achieving efficiencies above the Shockley–Queisser
limit due to the presence of multiple absorbing layers capable of harvesting light from
different regions of the solar spectrum. Nevertheless, these thin film solar technologies also
suffer from high production costs as well as another issue, toxicity, which have delayed
their inclusion into the current commercial solar market. 7
In an effort to lower the production costs of solar cells, scientists began investigating lightabsorbing materials that could be processed at low temperatures and from solution, which
would make them compatible with large-scale roll-to-roll, inkjet printing, and slot-die
coating manufacturing. These emerging PV technologies, referred to as third generation
solar cells, include dye-sensitized solar cells (DSSC), organic photovoltaics (OPV),
quantum-dot solar cells (QDSC), and perovskite solar cells (PSC). While initial PCEs for
these technologies were much lower than those of silicon PVs, their low-cost and potential
for production on flexible substrates made them appealing research options. Today,
DSSCs, OPVs, QDSCs, and PSCs have achieved maximum certified laboratory-scale
PCEs of 11.9%, 15.6%, 16.6%, and 25.2%, respectively.5 Of these, PSCs show a great deal
of promise as they can achieve efficiencies competitive with those of first and second
generation solar cells, but with a much lower production cost. They have also found a role

4

in flexible solar cells and tandem geometries with silicon and CIGS.7,8 The wide range of
possible applications for PSCs have made them one of the most researched PV technologies
of today; however, until toxicity and stability issues with single-junction PSCs are
resolved, it may be some time before they are market-ready.

5

CHAPTER 2
PEROVSKITE PHOTOVOLTAICS: AN OVERVIEW
2.1 Introduction to Perovskites
Perovskites are a class of material that adopt the three-dimensional (3D) cubic ABX3
crystal structure (e.g. calcium titanate, CaTiO3), where the A cation is surrounded by
corner-sharing BX6 octahedra.9 When A is an organic cation, B a divalent transition metal,
and X a halide, the material is referred to as a hybrid organic-inorganic metal halide
perovskite, or simply hybrid perovskite (Figure 4).10

Figure 4. Cubic ABX3 crystal structure for a hybrid perovskite. Reproduced from
Reference [10].

For the 3D perovskite structure to be realized, the crystal must maintain a tolerance factor
in the range of 0.8-1.0. The tolerance factor, t, is defined as:
𝑡=

𝑅𝐴 +𝑅𝑋

Equation 1

√2(𝑅𝐵 +𝑅𝑋 )

where RA, RB, and RX are the ionic radii of the organic cation, divalent transition metal, and
halide, respectively.11,12 In the case where the organic cation is too large, then t > 1.0, and
the perovskite material adopts the two-dimensional (2D) layered A2BX4 crystal structure
(Figure 5).13
6

Figure 5. Layered A2BX4 (2D) hybrid perovskite crystal structure. Reproduced from
Reference [13].

The layered hybrid perovskite structure was of particular interest to Mitzi and co-workers
in the early 1990s, who investigated the optoelectric and semiconducting properties of
these materials in light-emitting diodes (LEDs) and field-effect transistors (FETs).14–17
However, no solar cell research was performed, possibly because investigative focus at this
time was on layered excitonic materials.18

2.2 Perovskite Photovoltaics History
Mitzi and co-workers were some of the first to use hybrid perovskites in organic LEDs and
FETs in the 1990s due to their strong room-temperature photoluminescence, high carrier
mobility, and excellent solution processability.14–17,19 Almost two decades later, in 2009,
Miyasaka and co-workers used the 3D perovskite analogues, methylammonium lead
bromide (MAPbBr3) and methylammonium lead iodide (MAPbI3), as sensitizers on the
titanium dioxide (TiO2) layer in a DSSC, achieving a maximum PCE of 3.81%.20 Soon
after, Park et al. used a similar device architecture, but with a thinner TiO2 layer, and
reported a PCE of 6.5%.21 These were two of the first instances where hybrid perovskites
7

were used in solar cells; however, the perovskite-based DSSC exhibited poor operational
stability as the perovskite absorber was found to quickly degrade in the redox electrolyte.
It was not until 2012 that the first successful attempts at avoiding the dissolution of the
perovskite in the liquid electrolyte came. By replacing the liquid electrolyte with a solid
hole transport material (HTM), the first solid-state PSCs using cesium tin iodide/dye
N71922 and MAPbI3/spiro-OMeTAD were developed. Not only did the addition of the solid
HTM improve stability, but it also enhanced the PCE of these devices up to 11%.23 Since
then, optimization of the charge transport layers, perovskite absorber layer, and perovskite
film deposition techniques of PSCs has led to a recent outstanding NREL-certified PCE of
25.2%.5

2.3 Properties of Hybrid Organic-Inorganic Halide Perovskites
2.3.1 Low Exciton Binding Energy
An exciton is a bound electron-hole pair that is formed when a semiconductor (e.g. the
perovskite) absorbs a photon of higher energy than its bandgap, thus exciting an electron
to the conduction band from the valence band (where a hole is left behind). The exciton
binding energy is hence the minimum energy required to dissociate the exciton into free
charge carriers.24 For photovoltaic materials, low exciton binding energies that allow for
room temperature dissociation are often ideal. The system in which the dissociation occurs
can be excitonic or non-excitonic in nature. For excitonic dissociation an n- and p-type
heterojunction interface (such as that in organic or polymer solar cells) is required.
Conversely, for non-excitonic dissociation, the photoexcited electron-hole pair will
spontaneously separate into free carriers in the bulk material (such as in inorganic solar
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cells). Hybrid organic-inorganic halide perovskite films have been shown to be
predominantly non-excitonic in nature, possessing exciton binding energies less than 50
meV, which allows for room temperature dissociation. 25

2.3.2 High Absorption Coefficient
The absorption coefficient of a semiconductor determines how far a particular wavelength
of light penetrates the material before it is absorbed. The absorption coefficient is not
constant; it depends strongly on the wavelength and varies between materials. If the
absorption coefficient is low, the light will have a higher penetration depth, and the material
will not absorb the light very effectively. In fact, if the light penetration depth provided by
the absorption coefficient is greater than the thickness of the material, the material may
even appear transparent to that particular wavelength of light. On the other hand, materials
with high absorption coefficients absorb light more readily. Provided that the photon
energy is higher than the bandgap of the semiconductor, and that the wavelength of light
is in the absorption spectrum range of the semiconductor, then as the energy of the photon
increases, the higher the probability of its absorption. The reason for this is that in this case
more electrons (not just those with energy close to the bandgap) are able to interact with
the photon to induce absorption.26 Hybrid organic-inorganic halide perovskites have high
absorption coefficients (on the order of 104-105 cm-1 for wavelengths within the visible
spectrum of 400 – 750 nm for MAPbI3). As a result, maximum penetration depths are
around 500 nm; therefore, most incoming light can be absorbed by the perovskite material
within a thin layer of about 500 nm.27
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2.3.3 Tunable Bandgap
Hybrid organic-inorganic metal halide perovskites have the unique property of bandgap
tunability depending on the combination of small organic cation(s), divalent metal(s), and
halide(s) used.28 MAPbI3 has a band gap of around 1.54 eV (typically reported between 1.5
and 1.6 eV), which corresponds to an absorption wavelength around 800 nm. 29,30 By
replacing the methylammonium (MA, CH3NH3+) cation with a larger organic cation
(continuing to keep the tolerance factor between 0.8 and 1.0) such as formamidinium (FA,
CH(NH2)2+), the metal(M)-halide(X)-metal(M) bond angles and lengths are modified. This
modification leads to a distortion in the 3D perovskite lattice, causing a shift in structure
from tetragonal to trigonal. As a result, the band gap is decreased to around 1.48 eV
(typically reported between 1.4 and 1.5 eV for FA-substituted perovskites), and the
absorption wavelength increases to around 840 nm. Another strategy that can be used to
tune the bandgap is through replacing the Pb+2 metal cation with another divalent metal
cation, such as Sn+2. This change results in a direct modification of the M-X bond, causing
a shift in the metal p and halide s bonding and antibonding orbitals of the valence band
maxima (VBM) and conduction band minima (CBM); that is, the positions of the VBM
and CBM are shifted. As a result, replacing Pb+2 with Sn+2 causes the bandgap to decrease
to about 1.2 eV. A final strategy to modify the perovskite bandgap involves replacing or
mixing halides.30 For example, Eperon et al. reported that a mixed halide FAPbIxBr3-x
could have a bandgap between 1.48 eV (x = 3) and 2.23 eV (x = 0) depending on the ratio
of I- to Br-.31 The increase in Br- content leads to an increase in the perovskite bandgap
(decrease in absorption wavelength) due to a shift in the lattice structure from
tetragonal/trigonal to cubic since the size of the Br- anion is smaller than that of I-.31
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Bandgap tunability is a very important property of hybrid organic-inorganic halide
perovskites not only to push closer to the optimal bandgap (~1.34 eV) based on the
Shockley–Queisser limit for a single-junction solar cell,6 but also to enable these materials
to be utilized in various tandem architectures (e.g. perovskite-perovskite or perovskitesilicon tandems).

2.3.4 Ambipolar Charge Carrier Transport
The ability not only to absorb photons, but also to transport charge carriers (either holes,
electrons, or both) is a highly desired property of solar cell active layers, but it is very rare
that a material is naturally capable of doing both. Often times, doping of the absorbing
layer (as in inorganic solar cells) or using a heterojunction absorbing layer sandwiched
between hole- and electron-transporting layers (as in organic or polymer solar cells) is
required to achieve such a result. Nevertheless, hybrid organic-inorganic halide perovskites
do possess this unique dual-functionality. Lee et al. replaced the electron-transporting TiO2
scaffold with an insulating Al2O3 scaffold in a mesosuperstructured perovskite solar cell
architecture and found that the perovskite absorber alone was able to transport electrons to
the bottom transparent conductive oxide electrode.23 This showed that a thick TiO2 scaffold
with perovskite sensitizers (the DSSC-based architecture) was no longer necessary.32 Later,
Etgar et al. removed the solid hole-transporting material in a mesosuperstructured
architecture and embedded the perovskite absorber within the TiO2 scaffold. Remarkably,
it was observed that the perovskite absorber alone was also able to transport holes to the
top metal electron.33 As a material capable of transporting both electrons and holes, it
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became apparent that perovskite absorbers could be used in simple, cost-effective planar
(n-i-p or p-i-n) solar cell configurations.

2.3.5 Long and Balanced Electron and Hole Diffusion Lengths
For efficient charge extraction, charge carrier diffusion lengths must be greater than the
thickness of the charge transporting layer. This ensures that more free carriers may be
transported before any electron-hole pairs recombine. Therefore, for the perovskite
absorbing layer to function efficiently as an electron and hole transporter in a solar cell
(especially in a planar configuration), its electron and hole diffusion lengths should be
greater than its thickness. Additionally, to function equally in both an n-i-p as well as a pi-n architecture, the perovskite should have balanced electron and hole diffusion lengths. 34
Stranks et al. used transient absorption and photoluminescence (PL) spectroscopy to
determine the average electron and hole diffusion lengths in a MAPbI 3 perovskite to be on
the order of 1 μm for each.35 These results confirmed that the perovskite absorber could
not only transport charges for efficient extraction, but also that mesosuperstructured
perovskite solar cell architectures were not entirely necessary as the perovskite could
function effectively in a planar system.

2.4 Perovskite Solar Cell Architectures
The first hybrid perovskite-based solar cells employed the perovskite material as sensitizers
affixed to the TiO2 scaffold of a Grätzel cell, or DSSC, architecture (Figure 6a,b).20,21
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Figure 6. PSC architectures with (a) perovskite quantum dots on TiO2, (b) extremely thin
film perovskite sensitizers on TiO2, and (c) meso-superstructured perovskite (bulk
perovskite surrounding a mesoporous TiO2 scaffold). Reproduced from Reference [36].36

Once the perovskite material was found to degrade in liquid redox electrolytes, however,
the sensitized PSC adopted a solid hole transport material (HTM), 2,2',7,7'-Tetrakis[N,Ndi(4-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD). When the ambipolar
charge transporting ability of the hybrid perovskite absorber was revealed by replacing the
conducting TiO2 scaffold with an insulting mesoporous alumina (Al2O3) layer,23,32 the PSC
evolved to a meso-superstructured architecture (Figure 6c). Since then, PSCs have been
fabricated in a wide variety of architectures determined by charge (p- or n-type) and
morphology (mesostructured or planar), making it planar or mesostructured n-i-p (regular)
(Figure 7a,b), p-i-n (inverted) (Figure 7 b,c), or n-p or p-n (Figure 8).
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Figure 7. Typical planar and mesoscopic, n-i-p and p-i-n PSC architectures. Reproduced
from Reference [37].37

Figure 8. Hole-transport layer-free (left) and electron-transport layer-free (right) PSC
architectures. Reproduced from Reference [38].38

2.4.1 Regular, n-i-p Architectures
Regular PSCs are those that employ the perovskite absorber between an electron
transporting layer (ETL) such as TiO2 on a transparent conducting substrate (e.g. FTO) and
a hole transporting layer (ETL) such as spiro-OMeTAD with a metal back contact (e.g.
gold, Au). These devices can be planar, with a thin film perovskite layer sandwiched
between the ETL and HTL, or meso-superstructured, with an additional mesoporous
conducting (TiO2) or insulating (Al2O3) metal oxide that has been infiltrated with and
capped by the perovskite absorber. The regular meso-superstructured architecture with
14

mesoporous TiO2 currently holds the record certified PCE of 25.2% for a laboratory-scale
PSC.5 Nevertheless, despite the high performance of regular PSCs, the high temperature
(>500 °C) annealing required to effectively calcine the TiO2 layers is costly, increases
processing time, and is not conducive to flexible substrates or roll-to-roll processing.39
Additionally, the regular planar n-i-p architecture has been shown to suffer from currentvoltage hysteresis.40,41 These drawbacks limit this architecture’s commercial viability.

2.4.2 Inverted, p-i-n Architectures
First reported by Jeng et al. in 2013, the inverted PSC adopts the structure of bulkheterojunction (BHJ) organic or polymer solar cells, where a mixed electron-donor
polymer and electron-acceptor fullerene (typically [6,6]-phenyl-C61-butyric acid methyl
ester, PCBM) layer acts as the absorber and is sandwiched between a polymer HTL
(typically Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), PEDOT:PSS) on a
transparent conducting substrate (i.e. ITO) and a metal back contact (aluminum, Al, or
silver, Ag).42 For the inverted PSC, however, the BHJ is replaced by a planarheterojunction (PHJ) of perovskite/fullerene. Unlike the regular planar n-i-p architecture,
the inverted planar p-i-n architecture exhibits negligible hysteresis behavior, likely due to
the passivation of grain boundary trap states by the fullerene ETL. 43 The inverted
architecture is often planar in make-up, but there have been reports of meso-superstructured
architectures employing a mesoporous nickel oxide (NiO) layer. 44 While the highest
reported PCEs of inverted PSCs are less than 21%, all processing temperatures are sub-150
°C, which decreases cost and processing time as well as makes them compatible with
flexible substrates and roll-to-roll manufacturing.45,46 Unfortunately, though this
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architecture shows commercial viability and versatility, the performance must be improved
to be competitive with that of the regular PSC architecture.

2.4.3 Hole- or Electron-Transporting Layer Free Architectures
Due to the excellent ambipolar charge transporting ability of hybrid perovskites, there have
been reports of devices employing ETL(HTL)/perovskite or perovskite/HTL(ETL)
architectures, where one of the charge-transporting layers has been removed.33,47,48 While
this design improves the simplicity of fabrication and may decrease processing time/cost,
the maximum reported PCEs (though respectable) are not competitive with those devices
that use both charge-transporting layers.

2.5 Perovskite Solar Cell Working Principle
Upon the absorption of photons by the perovskite active layer, free charge carriers are
quickly generated due to the low exciton binding energy of the perovskite absorber. The
photon-induced charge carrier generation rate, G, can be expressed as
𝐺 = 𝐼𝑃𝐶𝐸 × 𝐼0

Equation 2

where IPCE is the Incident Photon-to-Current Efficiency and I0 is the incident light density.
It is generally reasonable to assume that G is uniform in the perovskite layer.
Once generated, the free carriers (electrons and holes) are then transported to their
respective interface contacts (electrons are transported from the perovskite absorber to the
ETL, as well as then from the HTL to the perovskite absorber). If hole density is p and
electron density is n, then the current induced by electrons and holes, Ji = p, n = Jdiffusion +
Jdrift, can be expressed as
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𝜕𝑝

𝐽𝑝 = −𝑒𝐷𝑝 𝜕𝑥 + 𝑒𝑝𝜇𝑝 𝐸
𝜕𝑛

𝐽𝑛 = 𝑒𝐷𝑛 𝜕𝑥 + 𝑒𝑛𝜇𝑛 𝐸

Equation 3
Equation 4

where e is the elementary charge, Di (i = p, n) is the diffusion coefficient for holes or
electrons, µi (i = p, n) is the charge carrier mobility for holes or electrons, and E is the
magnitude of the electric field. The charge carrier mobilities are related to the diffusion
coefficients via the Einstein Relation
𝐷𝑖 =

𝜇𝑖 𝑘𝐵 𝑇

Equation 5

𝑒

where kB is Boltzmann’s constant and T is temperature, whereas E is determined using
Poisson’s equation for an electric field
𝜕𝐸
𝜕𝑥

=

𝑒(𝑝 −𝑛)

Equation 6

𝜀𝑟 𝜀0

where εr is the relative permittivity of the material and ε0 is the vacuum permittivity. The
law of conservation or charge carriers leads to the continuity equation
𝑒

𝜕𝑖=𝑝,𝑛
𝜕𝑡

=

𝜕𝐽𝑛
𝜕𝑥

+ 𝑒𝐺 – 𝑒𝑅

Equation 7

where R is the recombination rate (to be discussed in more detail below). Therefore,
assuming steady state, the governing equations for charge carrier transport within the
perovskite layer are
𝜕𝐽𝑝
𝜕𝑥
𝜕𝐽𝑛
𝜕𝑥

= 𝑒𝐺 − 𝑒𝑅

Equation 8

= −𝑒𝐺 + 𝑒𝑅

Equation 9

As well as Poisson’s equation for electrostatic potential, U,
𝜕2 𝑈
𝜕𝑥 2

=

−𝑒(𝑝 −𝑛 + 𝑁𝑡 )

Equation 10

𝜀𝑟 𝜀0

where Nt is the ionized p-type defect density in the perovskite layer.
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Finally, after transferring through their selective contact interfaces, the free charge carriers
are extracted by the top and bottom electrodes. Modified versions of Equation 8 and
Equation 9 (i.e. with the charge carrier generation and recombination terms removed)
𝜕𝐽𝑝
𝜕𝑥
𝜕𝐽𝑛
𝜕𝑥

= 0

Equation 11

= 0

Equation 12

can be used to describe the steady state charge transport through the HTL and ETL,
respectively, along with the following Poisson’s equation for electrostatic potential within
the HTL and ETL
𝜕2 𝑈
𝜕𝑥 2
𝜕2 𝑈
𝜕𝑥 2

=
=

−𝑒(𝑝 −𝜌𝑝 )

Equation 13

𝜀𝑟 𝜀0
𝑒(𝑛 −𝜌𝑛 )

Equation 14

𝜀𝑟 𝜀0

where ρi (i = p, n) is the hole or electron doping density within the ETL or HTL,
respectively.10,49,50
While this aforementioned process is the desired route for charge transfer within a
perovskite solar cell, it is also possible for other undesirable process to occur. Instead of
transferring to their respective interface contacts, the free charge carriers may recombine
if the charge carrier lifetime (the time window for charge selective contacts to efficiently
extract charges) is too short. Recombination can occur due to the presence of charge trap
states in a material (trap-mediated recombination) (Figure 9a), as a result of the direct
recombination of electrons with holes from band to band within the material (bimolecular
recombination) (Figure 9b), or when one charge carrier transfers its energy to another
carrier to allow for non-radiative recombination (Auger recombination) (Figure 9c).51 The
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charge carrier recombination rate, R (used in Equations 8 and 9), can be described using
the Langevin theory
𝑅 = 𝛾(𝑛𝑝 − 𝑛𝑖2 )

Equation 15

where γ is the bimolecular recombination constant (𝛾 =

𝑒(𝜇𝑝 + 𝜇𝑛)
𝜀𝑟 𝜀0

) and ni is the intrinsic

charge density of the perovskite, which is a function of the density of states (DOS) of the
conduction band, Nc, and band gap energy, Eg, of the perovskite (𝑛𝑖 = 𝑁𝑐 ×
−𝐸𝑔

exp (2𝑘 𝑇)).49,50
𝐵

Figure 9. Visual representation of trap-mediated, bimolecular, and Auger recombination
pathways. Reproduced from Reference [51].

Aside from recombination, the free charge carriers may also back transfer to the perovskite
at the interfaces of the ETL or HTL with the perovskite. Furthermore, if the ETL and HTL
are in any way contacted, then the charges may transfer between these layers rather than
being extracted at the electrodes.52 To help to avoid the undesirable charge transfer
processes and promote efficient charge extraction (and ultimately performance) in a
perovskite solar cell, it is important to select ETLs and HTLs that have favorable
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conduction and valence band alignments with the perovskite absorber and electrodes, as
well as those that foster balanced charge transfer at the interfaces. 53

2.6 Current Problems Surrounding Perovskite Photovoltaics
Despite their remarkable achievements in PCE, there remain a few major issues with PSCs
(stability, toxicity, and reproducibility) that must be addressed before this technology is
fully market-ready.

2.6.1 Stability
One of the most appealing properties of hybrid organic-inorganic perovskite solid thin
films is their ability to be processed at low temperatures (< 150 ℃) by self-assembling
from solution. However, due to their low energetic barrier of crystal formation, perovskites
have poor structural and chemical stability in the presence of high temperatures,54–56
prolonged light exposure,57–60 and moisture,28,61–63 and can experience rapid degradation to
a photoinactive state under these conditions.
Hybrid organic-inorganic perovskite films are highly hydrophilic by nature, and readily
absorb water from the surrounding environment causing the formation of various hydrates
within the film. For MAPbI3, in the presence of moisture, H2O will deprotonate the
methylammonium iodide, ultimately forcing a degradation to methylamine, hydrogen
iodide, and solid lead iodide.61 Further decomposition to hydrogen gas and solid iodine is
possible if oxygen is also present (i.e. in humid ambient environment). 64 The solid lead
iodide film that remains post-degradation is considerably photoinactive, causing the
performance of the solar cell to drastically decrease.
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It has been reported that intense prolonged light exposure can also lead to perovskite
instability due to induced ion migration and lattice expansions/phase transitions. In the
presence of oxygen under prolonged light exposure, it is possible for photogenerated
electrons in the perovskite to react with oxygen to form a superoxide. The superoxide can
then react with the methylammonium cation and cause a degradation to methylamine gas,
solid lead iodide, and solid iodine.65 Under an inert atmosphere, light-induced instability is
still possible due to the migration of mobile methylammonium, iodide, and lead ions, with
iodide having been noted as the most “mobile” of the three.66 In one case, mobile ions, like
iodide, can migrate towards the metal (e.g. silver) cathode and induce the formation of an
insulating compound (e.g. silver iodide), which affects charge transport and thus
diminishes the solar cell performance. 67 Additionally, mobile ions can migrate towards
various interfaces or grain boundaries and cause light-induced hysteresis behavior and trap
states within the solar cell, making it difficult to measure the actual efficiency output of the
device.68
Upon exposure to heat (i.e. temperatures at or above 85 ℃, the IEC 61 656 climatic
chamber test temperature standard for thermal stability) it is possible for the perovskite
film to degrade even under inert atmosphere. Due to its low formation energy, MAPbI 3
will ultimately sublime to methylamine gas, hydrogen iodide gas, and solid lead iodide
upon prolonged exposure to increased temperatures. 65 In fact, the decomposition
temperature for MAPbI3 is often reported between 100 ℃ and 140 ℃.54,55 Furthermore,
higher temperatures may also induce the migration of metal ions from the metal cathodes
into the perovskite layer, inducing an irreversible degradation.69,70
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Many efforts at improving perovskite film and solar cell stability have been proposed.
Compositional engineering of the perovskite layer by substituting or mixing the MA cation
with cesium (Cs) and/or formamidinium (FA), or the I- anion with Br- and/or Cl- has been
shown to induce stabilization in the perovskite crystal structure, which consequently
improves the overall stability.71–73 Improved stability, albeit with large reductions in PCE
of the resulting solar cells, has also been observed for mixed 2D/3D organic-inorganic
halide and double perovskite structures, again due to the enhanced structural stability. 74,75
Aside from changes to the perovskite layer itself, improvements to stability has also been
achieved by using different encapsulation technologies that prevent water penetration into
the perovskite film.76,77 Nevertheless, these encapsulation technologies can increase the
processing costs of the solar cell, lower the overall PCE of the solar cell, or increase the
difficulty of upscaling the technology. Lastly, many researchers have reported that the
instability of perovskites is linked to termination regions at the grain boundaries or on the
surface.78,79 Efforts to cap the surface with suitable protective materials or to passivate the
grain boundaries have proven effective at improving perovskite solar cell stability. All in
all, though, a perfect solution to the long-term stability issue of perovskites (one that
maintains the high performance of the solar cell) has not yet been brought forth.

2.6.2 Toxicity
Lead-halide perovskite-based solar cells have exhibited the most superior photovoltaic
performance compared to any of the currently proposed lead-free alternatives. This is
primarily due to the fact that divalent lead has the best optoelectronic properties in 3D
ABX3 perovskites.80 Nevertheless, the toxicity of lead is now well known to not just
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scientists, but to virtually everyone, making acceptance of this technology by the general
public a very difficult task. Furthermore, according to the EU Restriction of Hazardous
Substances (RoHS), lead is a restricted substance with a maximum allotted level of < 1000
ppm.81 A recent study has estimated that the lead concentration for a perovskite module is
about 5500 ppm.82 Therefore, current proposed perovskite commercial technologies could
have lead levels even higher than what may be safe for consumers. In order for perovskite
solar cells to become a more attractive technology to industry, investors, and consumers it
is necessary to continue research efforts to develop high performance lead-free perovskite
alternatives that can be processed from environmentally friendly solvents and materials.

2.6.3 Reproducibility
Although there is a large number of research groups currently involved to some degree in
the field of hybrid organic-inorganic halide perovskites, there are only a few groups who
can repeatedly produce perovskite solar cells with efficiencies exceeding 20%.
Nevertheless, a deeper understanding of the fundamental principles and degradation
mechanisms is still required to continue to improve device performance and stability;
however, groups that work on such topics may not have the capabilities to fabricate highly
efficient solar cells. Because such a gap exists between groups who can produce high
performing perovskite solar cells and those who investigate fundamental properties of
perovskite materials and devices, it becomes difficult to compare the results reported in
manuscripts between various perovskite devices. Unfortunately, this discrepancy slows
down research progress in the perovskite field and may even lead to contradictory results.
Groups (especially those who consistently achieve >20% PCE devices) should, therefore,
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aim to report extremely detailed and clear fabrication protocols such that any group can
easily reproduce their results in their laboratories. This would allow for fundamental-based
research to be conducted on the highest performing and reproducible PSCs and provide for
more congruent comparisons throughout the field.83,84
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CHAPTER 3
DISSERTATION OBJECTIVES
In this dissertation, I will present various strategies to improve the performance and
stability of the planar, p-i-n MAPbI3 PSC using cost-effective or roll-to-roll-compatible
materials or strategies. Through this, we look to demonstrate that this perovskite cell
architecture has certain inherent advantages over the planar or mesoporous, n-i-p
architectures despite their inferior maximum PCE. All improvements made are achieved
by optimization or engineering of different regions of the planar, p-i-n cell architecture.

1. To develop a roll-to-roll-compatible fabrication process that will yield a high-quality
perovskite active layer atop a non-ideal surface. By forming an intermediate complex film
via evaporation-induced self-assembly, which can then be easily converted to high-quality
perovskite films, we show that improvement to the quality of the perovskite active layer
alone leads to enhanced device performance.

2. To replace the commonly used calcium/aluminum top electrode, which quickly degrades
upon exposure to air. Higher work function metals such as silver and gold are more stable
than lower work function metals like aluminum, but ultimately yield lower device
performance if used by themselves. However, by incorporating a thickness-tolerant,
solution-processable n-doped zwitterionic fulleropyrrolidine derivative between the
electron transport material and high work function top metal electrode, it is possible to
effectively decrease the work function of the air-stable metal and enhance charge transport
across the device in order to improve device performance and stability.
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3. To find an alternative hole-transporting material to PEDOT:PSS that is still solutionprocessable and economical. The hydrophilic and acidic natures of PEDOT:PSS accelerate
the degradations of the perovskite active layer and indium-doped tin oxide transparent
bottom electrode, respectively. Inorganic copper-based hole-transport materials are costeffective, more conductive, and do not possess the aforementioned drawbacks of
PEDOT:PSS; however, they have been shown to exhibit poorer film morphology when
processed from solution. We aim to investigate if (and if so, why) CuI, CuSCN, or blends
of the two can function better than PEDOT:PSS as HTMs in PSCs in terms of performance.
We speculate that the other inherent material or film properties of the Cu-based HTMs will
overshadow their poor film morphology and lead to their improving the performance of
the devices into which they are incorporated.

4. To improve the thermal and moisture stability of the planar, p-i-n perovskite solar cell
using a protective overlayer. Insulating polymers can hinder moisture penetration into the
perovskite active layer, but these layers must be made thin enough for charges to tunnel
through or else performance will be sacrificed for stability. Roll-to-roll-compatible
monolayer graphene, however, is naturally thin and can also hinder moisture penetration
and heat-induced metal ion diffusion into the perovskite active layer due to its hydrophobic
and highly impermeable properties. We speculate that graphene can serve as a viable
protective barrier to water and diffusing metal ions if it can be effectively incorporated into
the perovskite cell architecture. Electrons can easily tunnel through a single-atom layer
thick sheet of graphene, so charge transport should not be compromised.
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CHAPTER 4
IMPLEMENTING A VERSATILE PEROVSKITE ACTIVE LAYER
FABRICATION PROCESS
4.1 Perovskite Film Fabrication Methods
The formation of high-quality perovskite thin films with good crystallinity, ideal purity,
large grains, full surface coverage, and minimal surface roughness has yielded the best
performing photovoltaic devices, indicating the importance of a well-defined and
optimized active layer.85–87 Several techniques have been employed to prepare the
laboratory-scale perovskite active layer, including single-step solution deposition,88
sequential or two-step solution deposition,89,90 vapor-assisted solution deposition,91 and
vacuum deposition 92 (Figure 10).

Figure 10. Perovskite film deposition techniques: (a) vacuum deposition, (b) sequential
deposition with dipping in a solution of the organic cation, (c) single-step (top) and twostep (bottom) solution deposition, and (d) vapor-assisted solution deposition. Reproduced
from Reference [86].
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4.1.1 Single-step Solution Deposition
In single-step solution deposition, the perovskite precursors – the small organic molecule
(e.g. MAI or FAI) and the metal halide (e.g. PbI2 or PbBr2) – are dissolved together in a
polar aprotic solvent (e.g. GBL, DMF, or DMSO). The perovskite precursor solution is
then spin-coated onto a desired substrate and the resulting film is annealed at a specific
temperature to promote perovskite crystallization. The single-step solution deposition
technique is perhaps the simplest method of perovskite film fabrication, but because of the
poor crystallization dynamics of the organic-inorganic metal halide perovskite, films
fabricated using the single-step solution deposition process are often low quality.93 As
such, researchers have used solvent engineering (Figure 11),94 compositional
engineering,95 and additive engineering96 to help improve the crystallization dynamics and
thus the overall quality of the resulting perovskite film when using single-step solution
deposition.

Figure 11. A schematic representation of the single-step solution deposition technique with
solvent engineering in which an anti-solvent (e.g. toluene) is dripped on the spinning
perovskite precursor solution. Reproduced from Reference [94].

4.1.2 Two-step Solution Deposition
The two-step deposition process involves first creating one solution of the metal halide in
a polar aprotic solvent, and a second solution of the small organic molecule in an alcohol
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(commonly, 2-propanol). The metal halide solution is then spin-coated onto a desired
substrate to form a thin film, followed by either spin-coating or dip-coating that film with
the solution of the organic molecule in alcohol. Thermal annealing of the film then yields
the 3D crystalline perovskite.

4.1.3 Vapor-assisted Solution Deposition
The vapor-assisted solution deposition process (VASP) is similar to the two-step solution
process in that a film of the metal halide is first produced by spin-coating from a solution
of the metal halide in a polar aprotic solvent. However, instead of spin-coating or dipcoating with a solution of the organic molecule in alcohol, the powder form of the organic
molecule is spread out around the metal halide film on a hot plate. Upon covering the
materials and heating to a desired temperature, the perovskite film forms as the organic
powder sublimes and integrates into the metal halide film.91

4.1.4 Vacuum Deposition
With vacuum deposition, two crucibles are filled with powders of the small organic
molecule and the metal halide, separately. The crucibles are placed in an evaporation
chamber, which is then pumped down to a low pressure. After heating each crucible to the
desired deposition temperature, the powders vaporize and then begin to deposit onto a
desired substrate, forming the perovskite film in the process. Single-source rather than
dual-source vacuum deposition is also possible provided that the target substrate is first
spin-coated with a film of the metal halide prior to evaporation of the small organic
molecule.92
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4.2 Evaporation-Induced Self-Assembly with Intramolecular Exchange for
Perovskite Film Fabrication97
4.2.1 Introduction
The two-step solution deposition method has proven to generate high quality perovskite
films with admirably reproducible solar cell performance. 98,99 This method has shown to
be effective in producing thick and uniform perovskite active layers when a mesoporous
titanium dioxide (TiO2) or alumina (Al2O3) scaffold is present;23,89,100 however, difficulty
has arisen when trying to use this process to make thick films in planar architectures. 101
Poor surface morphology and a large amount of unconverted PbI2 with thicker films forces
the fabrication of thinner perovskite active layers for planar devices, resulting in a decrease
in the amount of light absorbed, and thus a drop in the cell’s short-circuit current (Jsc) and
overall PCE.
In an effort to make an unprecedented >500 nm thick formamidium lead iodide (FAPbI 3)
perovskite active layer in a mesoporous-TiO2 cell architecture, Seok and co-workers used
an intramolecular exchange sequential deposition process in which sequentially deposited
formamidium iodide (FAI) molecules “exchange” with dimethyl sulfoxide (DMSO)
molecules of a previously deposited PbI 2(DMSO) complex film.102 Because the FAI
molecules have strong ionic bonding and the DMSO molecules have weak coordination
with the PbI2 molecules, the exchange occurs rapidly. While this method led to a record
efficiency in 2015, the 24-hr vacuum annealing step required to obtain the PbI 2(DMSO)
complex powder needed to fabricate the PbI 2(DMSO) complex intermediate film renders
the process lengthy and not conducive to large-scale solution processing. Recently, though,
Kim and co-workers showed that PbI2(DMSO) complex films could be obtained in only
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one step by spin-coating from a 1:1 molar ratio of PbI2 and DMSO in DMF.103 Using this
process they fabricated solar cells comprising FAPbI 3/MAPbBr3 mixed layers, and their
champion FTO/bl-TiO2/(FAPbI3)3-x(MAPbBr3)x/PTAA/Au device achieved a PCE of
17.1%, indicating that perovskite active layers could be successfully grown with the
intramolecular exchange sequential deposition process in planar n-i-p architectures.
Here, we used a similar one step spin-coating process to fabricate semi-crystalline
PbI2(DMSO) complex films from a solution in which the stoichiometry of PbI 2 and DMSO
was carefully controlled to be 1:1. We show that the PbI2(DMSO) complex films are
actually formed through an evaporation-induced self-assembly process during spinning
when the optimal spin-coating conditions are used. These intermediate films were then
used to create thick, highly crystalline, and uniform perovskite films using the most
common perovskite material, MAPbI3. Despite the limitations inherent to growing
perovskite films on amorphous surfaces, we were able to obtain pinhole-free, good
coverage films on a PEDOT:PSS surface. Moreover, we found that it was possible to
produce optimum quality perovskite layers using different concentrations of MAI provided
deposition occurred at a specific corresponding spin speed. This shows that, like FAPbI 3,
MAPbI3 can also be fabricated using the intramolecular exchange sequential deposition
process. Finally, instead of the more commonly used planar n-i-p architecture, MAPbI3
perovskite solar cells were fabricated in a planar p-i-n architecture. The planar p-i-n
architecture with a PEDOT:PSS hole-transport layer and a PC61BM electron-transport
layer was chosen due to its potential scalability, compatibility with flexible substrates, ease
of processing, and absence of corrosive hole-transport material dopants. Additionally, the
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more hydrophobic and electron conductive PC61BM layer inherently yields higher device
stability and lower J-V hysteresis compared to planar n-i-p TiO2-based devices.104–107
By careful optimization of the perovskite active layer only, a maximum PCE of 16.72%
was obtained without compositional 95,108 or interfacial engineering.40,109–111 Similar
photovoltaic device metrics are reported for 100 complete solar cells, demonstrating the
notable reproducibility of the process. The intramolecular exchange sequential deposition
process was used to simply, inexpensively, and reproducibly fabricate efficient MAPbI 3
perovskite active layers in the most basic planar p-i-n perovskite solar cell architecture:
ITO/PEDOT:PSS/ MAPbI3/PC61BM/Ca/Al.

4.2.2 Experimental
4.2.2.1 Solar Cell Device Fabrication
Patterned indium-doped tin oxide (ITO) substrates (20 Ω/sq, 14.7 cm2, Thin Film Devices)
were cleaned with 2% Hellmanex® (Sigma-Aldrich) soap solution, deionized water,
acetone, and IPA (in that order) with 10 min of ultra-sonication in each step, followed by
drying in an oven at 140 °C overnight. Before being used, the cleaned ITO substrates were
exposed to UV/Ozone treatment for 20 min. Following the cleaning and surface
polarization, the ITO substrates were coated with an aqueous dispersion of PEDOT:PSS
(HeraeusClevios™ P VP AI 4083) through a 0.45 μm PVDF filter, spun at 3500 rpm for
90 s, and annealed on a hot plate at 150 °C for 30 min in air. This resulted in a film thickness
of 40±5 nm as measured by profilometry. The PEDOT:PSS-coated substrates were then
transferred to a N2-glovebox for the remainder of the procedure. A stoichiometrically
controlled 1:1 molar ratio of PbI2 (Alfa Aesar, 99.9985% (metals basis)) and DMSO
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(anhydrous, Sigma-Aldrich) was dissolved fully at room temperature in DMF (anhydrous,
Sigma-Aldrich). Specifically, 461 mg PbI2/944 mg DMF and 78 mg DMSO/944 mg DMF
were used for the 1.0 M PbI2(DMSO) complex solution. The PbI2(DMSO) complex
solution was filtered through a 0.45 μm PTFE filter and 30 μL was spun onto the
PEDOT:PSS-coated substrates at 1500 rpm for 15 s. Immediately, 100 μL of MAI (Dyesol)
in IPA (anhydrous, Sigma-Aldrich) was drop-casted onto the PbI2(DMSO) complex film.
After a 20 s loading time, the film was spun for 30 s, at which point the film turned from a
transparent yellow to a dark brown. The perovskite film was then annealed at 100 °C for 1
hr in the dark. After the perovskite was formed, 35 μL of a 10 mg/mL PC 61BM (nano-C)
solution in chlorobenzene (anhydrous, Sigma-Aldrich) was immediately spun onto the
perovskite film at 1000 rpm for 30 s. Following a previous report,107 the films were then
covered with a petri dish and left to solvent anneal in the dark for 24 hours before being
transferred to the thermal evaporator. Finally, a 15 nm thick Ca electrode at a rate of 0.5
Å/s followed by a 100 nm thick Al electrode at a rate of 1−2 Å/s were thermally deposited,
both at a chamber pressure of at least 3 × 10−6 mbar. The device area was fixed at 0.06 cm2.

4.2.2.2 Characterization
Current−voltage (J−V) curves were tested inside a N2-glovebox using a Keithly 2400
source-meter under simulated AM 1.5G solar irradiation at 100 mV/cm 2 light intensity.
The light source was a 300 W Xe lamp (Newport 91160) that was adjusted with an NRELcalibrated Si reference solar cell and KG-5 filter. No photomask was used for the J-V
measurements. X-ray diffraction (XRD) measurements were made with a PANalytic
X’Pert3 X-ray diffractometer having a Ni filter, 1/2 in. diverging slit, vertical goniometer,
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and X’Celerator detector. Measurements were made from 2θ = 5° or 10°−40° under Cu Kα
(λ = 1.542 Å). Scanning electron microscopy (SEM) images were obtained using a FEI
Magellan 400 microscope at 15 kV. Prior to imagining, samples were mounted on a metal
stub using a piece of carbon tape and then coated with a thin layer of platinum to avoid
charging. Thickness measurements were made using a KLA Tencor Alpha-Step profiler.

4.2.3 Results and Discussion
In this study, a two-step sequential deposition technique was used to prepare thick and
highly uniform perovskite thin films with minimal defects by employing the concept of
intramolecular exchange. First, by fixing the PbI2:DMSO stoichiometry to a 1:1 molar ratio
and the PbI2 concentration to 1.0 M in DMF, we were able to systematically study the
effect of spin speed and spin time on PbI2(DMSO) complex film formation and quality.
With an optimized PbI2(DMSO) complex film, we then determined the MAI
concentration/spin speed combinations that resulted in the best quality perovskite films.
We defined high quality perovskite films to be those that possess high crystallinity and
purity according to their XRD patterns, as well as minimal surface roughness and pinholes
according to their SEM morphologies.
As a Lewis acid, PbI2 has been known to form 1:1 and 1:2 adducts with Lewis base
bidentate or monodentate ligands. Polar aprotic solvents, such as DMF and DMSO, are Odonors and act as Lewis bases, making them good candidates for adduct formation by
coordinating with PbI2. Specifically, PbI2 likes to strongly coordinate with DMSO solvent
molecules in solution via the formation of Pb‒O bonding. The 1:2 complex between PbI 2
and DMSO, PbI2(DMSO)2, readily forms when PbI2 is dissolved directly in DMSO112 (or
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when PbI2 is present with excess DMSO in a DMF primary solvent since DMSO has a
stronger coordination ability than DMF113), and then crystallizes into a film or powder.
Powders or films of the PbI2(DMSO)2 complex have been shown to be more crystalline as
the DMSO molecules favourably intercalate into the interlayer space of the Pb‒I network
during crystallization.95,100,102,112 When the PbI2:DMSO stoichiometry is carefully
controlled to be 1:1 in solution, however, PbI2 will form the 1:1 adduct as only one
coordination site ends up being occupied by the DMSO molecules, and so the PbI 2(DMSO)
complex forms during crystallization. Powders or films of the PbI 2(DMSO) complex yield
diffraction patterns indicating an amorphous or semi-crystalline structure as fewer DMSO
molecules have intercalated into the PbI2 framework.100,102

Figure 12. XRD patterns of 1.0 M PbI2 (black patterns) and 1.0 M PbI2(DMSO) complex
films (all other patterns) from a solution spun at (a) various speeds for 30 s and (b) 1500
rpm for various times onto ITO/PEDOT:PSS substrates. The pure PbI2 films were spun at
1500 rpm for 30s. Note that the characteristic (001) peak shifts from 12.6° for pure PbI 2 to
9.8° for PbI2(DMSO) due to the intercalation of the DMSO molecules into the PbI 2
framework.
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Figure 13. Schematic view of the evaporation-induced self-assembly process. Lower spin
speeds and short spin times effectively yield the semi-crystalline PbI2(DMSO) complex
intermediate film. Higher spin speeds and longer spin times eventually yield the pure,
crystalline PbI2 intermediate film.

The self-assembly of PbI2:DMSO complex films from a stoichiometrically controlled 1:1
PbI2:DMSO complex solution in DMF is strongly dependent on the speed and time at
which the solution is spin-coated onto a substrate (PEDOT:PSS-coated ITO in this case).
It should be noted that because of the carefully controlled stoichiometry, the PbI 2:DMSO
complex films formed here are semi-crystalline or amorphous PbI2(DMSO) and not
crystalline PbI2(DMSO)2.102 To optimize these parameters, first, the spin speeds of the
complex solution were varied from 1000 rpm to 6000 rpm, while the spin time was fixed
to 30 s (Figure 12a). For pure PbI2 films (Figures 12a and 12b, black pattern), the
characteristic (001) diffraction peak can be seen at 12.6°, while for the semi-crystalline
PbI2(DMSO) complex films formed using spin speeds between 1000 and 2000 rpm, the
(001) peak has shifted to 9.8°. This shift towards lower diffraction angles is due to the
successful intercalation of DMSO molecules, which increases the distance between the IPb-I layers of the PbI2 network. From 2000 rpm to 3000 rpm, however, the (001) diffraction
peak begins to disappear, and the films adopt an amorphous structure. Similarly, the
PbI2(DMSO) complex films adopt a semi-crystalline form at lower spin times (5-15 s), and
a more amorphous form at higher spin times (20-30 s) (Figure 12b). Interestingly, the
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characteristic (001) PbI2 peak at 12.6° began to appear at higher spin speeds (6000 rpm)
and longer spin times (180 s) (Figures 12a and 12b, respectively), indicating that increasing
the spin speeds and spin times further would eventually lead to pure PbI 2 films. We
speculate the reason for this to be that at lower spin speeds and shorter spin times the
coordination between the PbI2 and the intercalated DMSO molecules is strong enough to
withstand dissociation from the complex, so only the low viscosity, high vapor pressure
DMF solvent molecules evaporate, yielding the semi-crystalline PbI2(DMSO) complex
film (Figure 13, path (i)). At higher spin speeds and longer spin times, however, the DMSO
molecules begin to dissociate from the PbI 2 (some may even evaporate), which leads to
more amorphous PbI2(DMSO) complex films (Figure 13, path (ii)). Increasing the spin
speed beyond 3000 rpm and spin time well beyond 30 s leads to pure, crystalline PbI 2 films
as both the DMSO and DMF molecules evaporate (Figure 13, path (iii)). It should be noted
that PbI2(DMSO) complex films would also convert to pure PbI2 films if left to sit for an
extended period of time.
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Figure 14. XRD patterns for MAPbI3 perovskite films formed from 1.0 M PbI2(DMSO)
complex intermediate films. The 1.0 M PbI 2(DMSO) complex intermediate films were
prepared by spin-coating a 1:1 PbI2:DMSO solution in DMF onto ITO/PEDOT:PSS
substrates at 1500 rpm for 10, 20 and 30 s (black, red, and blue lines, respectively).
PbI2(DMSO) crystallinity increases with decreasing spin time, and, noticeably, MAPbI 3
crystallinity also increases with increasing PbI2(DMSO) crystallinity as evident by the
increasing (110) and (220) perovskite peak intensities at 14.1° and 24.8°, respectively.

Due to the absence of structural order, amorphous PbI 2(DMSO) complex films would
require additional rearrangement steps for perovskite film formation during the
intramolecular exchange between the DMSO and organic halide molecules. Therefore, it
was hypothesized that the most crystalline PbI2(DMSO) complex films; that is, those films
with the largest (001) peak intensity, would yield the most crystalline (and presumably the
highest quality) perovskite films. To corroborate this, we fabricated MAPbI 3 perovskite
films on PbI2(DMSO) complex films formed by spin-coating the PbI2(DMSO) complex
solution at 1500 rpm for 10, 20 and 30 s (most crystalline to least crystalline) (Figure 14).
The MAPbI3 perovskite film was formed through the PbI2(DMSO) complex intermediate
film by the intramolecular exchange of DMSO with MAI (Figure 15). It was observed that
the characteristic (110) and (220) MAPbI3 perovskite peaks at 14.1° and 28.4°,
respectively, increased in intensity with increasing PbI 2(DMSO) complex film crystallinity
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(Figure 14). However, while more crystalline PbI2(DMSO) complex films facilitated the
formation of more crystalline perovskite films as postulated, they did not necessarily yield
the highest quality perovskite films. In fact, PbI2(DMSO) complex films fabricated at low
spin speeds (below 1500 rpm) or short spin times (below 15 s) had visibly rough surfaces
and ultimately yielded rough perovskite films. Because of this, 1500 rpm for 15 s was
chosen as the ideal spin speed and spin time for a 1.0 M PbI2(DMSO) complex solution as
it would foster the formation of perovskite films with both good crystallinity and visibly
smooth surface morphologies. These PbI2(DMSO) complex films were found to be 350±10
nm as measured by profilometry.

Figure 15. Schematic representation of the intramolecular exchange sequential deposition
process between MAI and the DMSO of the PbI2(DMSO) complex intermediate film
during spin-coating. Subsequent thermal annealing then yields the MAPbI 3 perovskite.

MAI concentrations from 50-75 mg/mL in IPA (increments of 5 mg/mL) and spin speeds
from 3000-6000 rpm (increments of 1000 rpm) were used to study the effects of MAI
concentration and spin-coating speeds on perovskite film quality. To obtain good
perovskite crystallinity with ideal purity, higher concentrations of MAI required higher
spin speeds, whereas lower concentrations required lower spin speeds. Figure 16 shows the
evolution of the XRD pattern for perovskite films formed from spin-coating various
concentrations of MAI in IPA at 3000 rpm for 30 s (after a 20 s loading time) and then
annealing at 100°C for 1 hr. Low purity films (those with a surplus of unconverted PbI 2)
were formed with the lower MAI concentration of 50 mg/mL, as evidenced by the
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prominent characteristic PbI2 peak at 12.6°. Increasing the MAI concentration led to
perovskite films of greater purity (less intense (001) PbI 2 peak) and crystallinity (more
intense (110) and (220) perovskite peaks) since more PbI 2 was converted to MAPbI3.
Above 60 mg/mL, though, the perovskite films started to appear rough and subtleties in the
perovskite XRD patterns began to emerge; namely, a ramping effect before the (110)
perovskite peak, a small peak just before the (112) perovskite peak, and another small peak
just before 30°. These features are a result of an increase in d-spacing within the MAPbI3
crystal due to the presence of excess MAI within the lattice, as the MAI that was unable to
participate in the intramolecular exchange likely remained on the surface or accumulated
at the grain boundaries. These same trends were also observed for spin speeds of 4000 rpm,
5000 rpm and 6000 rpm (not shown), with the optimal spin speed and MAI concentration
combinations (those that yielded the highest quality perovskite film) all occurring just
before the unconverted MAI started to appear.
Upon incorporating these optimized active layers into a completed device, we found, as
expected, that those perovskite active layers with smooth surface morphologies and higher
crystallinity resulted in the best performing devices. Table 1 provides the optimized spin
speed and concentration combinations for the MAI spin-coating step along with their
corresponding device performance values. Amazingly, the average efficiencies (η) were
very similar for each spin speed and concentration combination, indicating that formation
of high quality and high performing sequentially deposited perovskite films is MAI
concentration independent so long as an appropriate corresponding spin speed is used for
a specific concentration range.
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Figure 16. XRD patterns of MAPbI3 perovskite films formed from 1.0 M PbI2(DMSO)
complex intermediate films. MAI of various concentrations in IPA were spun at 3000 rpm
for 30 s.

Table 1. Average MAPbI3 performance and film thickness values using the optimized MAI
conc. and spin speed combinations.

The J-V curves for the best performing devices and a plan-view SEM images of the
perovskite active layers formed using our process and the conventional sequential
deposition process are shown in Figures 17a and 17b. In addition to the high degree of
crystallinity and ideal purity reported earlier, the exceptional performance of these devices
is clearly a result of the better surface coverage, thicker absorbing layer, and the larger
perovskite grain sizes compared to the conventional sequential deposition process.
Whereas the conventional sequential deposition process yielded grain sizes in the tens of
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nanometers, our process produced grains up to one micron in size (Figures 17a and 17b,
insets). Smooth film morphology and greater grain size suppresses charge trapping and
minimizes hysteresis,85 which improves solar cell performance.

Figure 17. (a) J-V characteristics and plan-view SEM image (inset) for the best-performing
MAPbI3 perovskite solar cell formed using the evaporation-induced self-assembly with
intramolecular exchange process, and (b) J-V characteristics and plan-view SEM image
(inset) for the best-performing MAPbI3 perovskite solar cell formed using the conventional
sequential deposition process. Note the negligible hysteresis behavior between the forward
and reverse scans.

Table 2. Comparison of intermediate and perovskite layer thicknesses for films formed
using the conventional sequential deposition process and evaporation-induced selfassembly with intramolecular exchange process.

Surface profilometer measurements were done to compare layer thickness before and after
the formation of the MAPbI3 perovskite phase (Table 2). Noticeably, the volume expansion
for the intramolecular exchange sequential deposition process was much less than that for
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the conventional sequential deposition process in accordance with a previous report. 102
When spin-coated under the same conditions, PbI2(DMSO) complex films will be thicker
than pure PbI2 films since the PbI2(DMSO) films have intercalated DMSO between the IPb-I layers. When the pure PbI2 intermediate film converts to the MAPbI3 perovskite film
using the conventional sequential deposition process, there is considerable volume
expansion with the pure PbI2 film due to (1) the incomplete conversion of the PbI 2 to the
MAPbI3 perovskite (some PbI2 remains at the bottom) and (2) a structural distortion as a
result of the interdiffusion between MAI and PbI2 during thermal annealing. On the other
hand, with the intramolecular exchange sequential deposition process, the MAI molecules
directly replace the DMSO molecules of the PbI2(DMSO) complex film. As a result, there
is little volume expansion during the conversion of the PbI 2(DMSO) intermediate film to
the MAPbI3 perovskite. The minor volume expansion with the intramolecular exchange
sequential deposition process allowed for the fabrication of thicker, smoother films of
greater perovskite crystallinity and fewer defects than those fabricated from the
conventional sequential deposition process. Interestingly, we found that the final
perovskite film thickness was ultimately determined by the thickness of the PbI 2(DMSO)
complex intermediate film. Regardless of the spin speed or MAI concentration used in the
MAI deposition step, the perovskite film was found to be around 400±10 nm. It should be
noted that although the conventional sequential deposition process yielded a thicker
perovskite film, poorer device performance was observed most likely due to pinholes
formed as a result of poor surface coverage and film roughness. Therefore, thinner
perovskite films had to be fabricated with the conventional sequential deposition process
in order to obtain homogenous films and, thus, better overall performance. Ultimately, the
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ability to fabricate thick perovskite active layers with good surface morphology and large
grain sizes with our process allowed for average Jsc and FF values above 20 mA/cm2 and
70%, respectively, which in turn resulted in exceptional average device performance.

4.2.4 Conclusions
Careful stoichiometric control and evaporation-induced self-assembly via spin-coating
were used to simply fabricate semi-crystalline PbI2(DMSO) complex intermediate films in
a single step. Thick, crystalline and uniform MAPbI3 perovskite active layers of ideal purity
and with grain sizes up to one micron were then made through an intramolecular exchange
sequential deposition process. It was found that different concentrations of MAI in IPA
could be used to produce equally high-quality perovskite films of similar average
performance values so long as an appropriate spin speed was used in line with the specific
corresponding MAI concentration range. An optimized device exhibiting a PCE of 16.72%
was produced as a result of the dense and smooth morphology of the perovskite active layer
without the need for interfacial or compositional engineering. This study provides a facile
and reproducible optimization method for fabricating thick and efficient perovskite solar
cells with planar p-i-n device architectures that would be ideal for scalability. Use of
compositional engineering of the perovskite active layer with FAI, CsI, and MABr;
interfacial engineering of the PC61BM-metal electrode interface; and optimization of the
electron and hole-transport layers may help further improve the overall performance of the
solar cell. It is also well known that solar cells comprising ABX3 perovskite active layers
exhibit very poor moisture stability. However, due to its inherent barrier properties and
conductivity, graphene can effectively prevent water from penetrating into the devices
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while simultaneously allowing for electron transfer to the top electrode. The incorporation
of the graphene barrier avoids the need for expensive, post-processing encapsulation, and
represents a key step towards the realization of low temperature roll-to-roll manufacturing
of stable, efficient, and flexible perovskite solar cells.
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CHAPTER 5
REPLACING THE UNSTABLE CALCIUM/ALUMINUM ELECTRODE VIA
INTERFACIAL ENGINEERING
5.1 Introduction
Aluminum coupled with a thin underlying layer of calcium (Ca/Al) has been frequently
used in organic solar cells as the device cathode.114 The inorganic calcium has an
intrinsically low work function and aids in maximizing the device Voc and minimizing the
contact resistance.115 As such, the Ca/Al electrode has also been adopted by planar
perovskite solar cells that use polymer and fullerene hole and electron transport layers,
respectively, and reputable PCE’s have been reported.116 Nevertheless, neither calcium nor
aluminum can be processed from solution, and both materials are sensitive to oxygen and
moisture, which hinders their use as commercially viable electrodes. Higher work function
metals such as gold (Au) and silver (Ag) can be solution deposited and are more stable in
the environment; however, they require some sort of interfacial modifier to lower their
effective work functions, otherwise device performance will be sacrificed due to weak
built-in electrostatic potential.117–119
Aside from Ca, other conductive inorganic (e.g. LiF) and polar organic interlayers (e.g.
PEI and BCP) have been used as interfacial work function modifiers for the metal
electrode.120–122 Unfortunately, many of these interlayers cannot be effectively processed
from solution and must be made thin (less than 5 nm) to prevent charge accumulation. To
circumvent these issues, Page et al. developed two solution-processable fulleropyrrolidine
interlayers: C60-N (a tertiary anime functionalized fullerene) and C60-SB (a zwitterionic
sulfobetaine functionalized fullerene) for effective cathode (Au, Ag, Cu, and Al) work
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function modification in organic solar cells.123 What is more, these interlayers showed
impressive air stability and thickness tolerance up to about 30 nm, lending way to their
roll-to-roll compatibility and commercial viability. Liu et al. later used the C60-N interlayer,
which outperformed the C60-SB interlayer in the organic solar cells, in planar p-i-n PSCs
to reduce the work function of the Ag cathode due to the large negative interfacial dipole.
The presence of the fulleropyrrolidine interlayer reduced recombination losses and
improved charge carrier lifetime, charge extraction, and device stability, and an
improvement in PCE from 7.5% (bare Ag) to 15.5% (C60-N/Ag) was reported.111
Here, we show that the zwitterionic C60-SB interlayer can also be effectively used as a
work function modifier to an Ag cathode in planar p-i-n PSCs. When previously used in
organic solar cells, the C60-N interlayer exhibited a larger work function reduction and
higher electron mobility than the C60-SB interlayer due to the presence of a lone pair on
the nitrogen of the C60-N, providing ohmic contact due to self-doping.124 By n-type doping
the C60-SB interlayer with tetra-n-butyl ammonium iodide (TBAI), we promote anioninduced electron transfer (a similar effect to the tertiary anime self-doping), which
ultimately allows for increased Ag work function reduction (from 4.0 eV for C60-SB/Ag to
3.65 eV for C60-SB:TBAI/Ag) and improved electron mobility of the C60-SB. Owing to the
conductivity of C60-SB:TBAI, the doped interlayer has the ability to function for a wide
range of thicknesses. The combination of improved conductivity and work function
reduction of the C60-SB:TBAI interlayer helped to improve maximum device performance
from 11.5% (bare Ag) to 16.8% (C60-SB:TBAI/Ag).
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5.2 Experimental
5.2.1 Materials
Methylammonium iodide (MAI), lead iodide (PbI2), and PC61BM were purchased from
Dyesol, Alfa Aesar, and American Dye Source, respectively. The synthesis of C60-SB is
described elsewhere.123 Tetra-n-butyl ammonium iodide (TBAI, > 99%) was purchased
from SigmaAldrich.

5.2.2 Interlayer Preparation
The C60-SB, TBAI, and mixed C60-SB:TBAI interlayers of different thicknesses were spincoated from 2,2,2 trifluoroethanol (TFE) solutions with concentrations ranging from 0.25
to 12 mg/mL at 4000 rpm for 60 s. Film thicknesses greater than ∼30 nm were measured
by surface profilometry (KLA Tencor, model Alpha-Step IQ) directly. The ultravioletvisible-near infrared (UV-vis-NIR) absorbance of C60-SB films at 450 nm was used to
determine the thickness of thinner films. The thickness of thin TBAI films was determined
by extrapolating the film thickness versus solution concentration, using the surface profiler
measurements of larger film thicknesses. Weight ratios (wt %) of 99:1, 95:5, 90:10, 80:20,
70:30, and 50:50 were used for mixed C60-SB:TBAI interlayer materials. The
concentrations of all mixed solutions were kept at 2 mg/mL to produce consistent interlayer
film thicknesses.

5.2.3 Solar Cell Device Fabrication
An

inverted

planar

p-i-n

architecture

was

used

for

perovskite

devices,

ITO/PEDOT:PSS/MAPbI3/PC61BM/interlayer/Ag. Initially, a 35 nm thick PEDOT:PSS
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(Clevios P VP AI 4083, Heraeus) layer was spin-coated onto the ultraviolet (UV)- ozonetreated ITO-coated glass substrates (resistivity of 20 Ω/ sq, Thin Film Devices, Inc.) and
annealed at 150 °C for 30 min. After transferring to a nitrogen glovebox, PbI2 [Alfa Aesar,
99.9985% (metals basis)] and DMSO (anhydrous, Sigma-Aldrich) were dissolved in a 1:1
molar ratio at room temperature in DMF (anhydrous, Sigma-Aldrich) to form a 1.0 M
PbI2(DMSO) complex. The solution was spun onto the PEDOT:PSS-coated substrates at
1500 rpm for 15 s, immediately followed by spin coating of 60 mg/mL MAI (Dyesol) in
IPA (anhydrous, Sigma-Aldrich) at 2500 rpm for 30 s. The resulting perovskite film was
annealed at 100 °C for 1 h in the dark. After the methylammonium lead iodide (MAPbI 3)
perovskite was formed, 35 μL of a hot (90 °C) 20 mg/mL PC61BM solution in
chlorobenzene was spin-coated onto the hot (∼100 °C) perovskite film at 2000 rpm for 30
s. Following procedures from a previous report,107 the films were covered with a Petri dish
and allowed to solvent anneal in the dark for 24 h. The devices were completed by spincoating of either C60-SB, TBAI, or C60-SB:TBAI cathode interlayers, followed by thermal
evaporation of either a 100 nm thick Ag electrode at a base pressure of 3 × 10-6 Torr through
a shadow mask.

5.2.4 Characterization
UPS measurements were performed using an electron spectroscopy for chemical analysis
instrument (Scienta Omicron Nanotechnology, model ESCA+S) operating at 4 × 10-10
mbar. Room-temperature X-band electron paramagnetic resonance (EPR) spectra were
collected on powders using the perpendicular mode of a dual-mode resonator cavity
(Bruker Elexsys E-500 with ER-4116 cavity). The current density-voltage (J-V)
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characteristics of photovoltaic devices were measured using a Keithley 2400 source-meter.
Illumination was performed with a solar simulator (Newport 91160, 100 mW/ cm2)
equipped with an AM1.5G filter and calibrated using a reference Si solar cell with a KG5
window (Newport certification). An overlap of the Ag electrode and patterned ITO
substrate defined a device area of 0.06 cm2. The photomask of 0.054 cm2 area (calibrated
at NREL) was overlapped with the Ag electrode to define the illuminated device area. The
average device metrics are given for 8 perovskite devices fabricated on 4 different
substrates. Impedance spectroscopy was performed using an Agilent 4294A impedance
analyzer on devices directly with an oscillation amplitude of 10 mV, applied bias, and
illumination as described later. The fitting of Cole-Cole plots was done using ZView
software package (Scribner Associates Inc.). All device characterization was performed
inside the glovebox.

5.3 Results and Discussion
The chemical structures of C60-SB and TBAI are shown in Figure 18a, a schematic of the
device architecture used for the PSC is shown in Figure 18b, and electron spin resonance
(EPR) spectra evidence of charge transfer (doping) between the iodide anion of TBAI and
C60-SB is shown in Figure 18c. The peak in the energy absorption in the C 60-SB:TBAI
spectrum indicates charge transfer.
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Figure 18. (a) Chemical structures of C60-SB and TBAI; (b) device architecture used for
inverted planar p-i-n PSC with an MAPbI3 active layer; and (c) EPR spectra of C60-SB and
C60-SB:TBAI (50:50 wt%). Reproduced from Reference [125].125

The J-V characteristics for the best performing MAPbI3 PSCs with various interlayers are
shown in Figure 19. Inserting a C60-SB interlayer into the device improved the maximum
device perfromance from 11.5% (bare Ag) to 14.0% (C60-SB /Ag). However, the Ca/Al
cathode still outperformed the C60-SB interlayer, achieving a maximum PCE of 15.2%.
Nevertheless, an 80:20 wt% mixture of the C60-SB:TBAI interlayer functioned more
effectively than both the pure C60-SB and the Ca/Al, producing a maximum PCE of 16.8%.
The 90:10 and 70:30 wt% mixtures of the C60-SB:TBAI interlayer (not shown) gave
maximum PCEs of 15.7% and 16.4%, respectively, also outperforming the Ca/Al cathode.
Figure 20 summarizes the average device metrics for inverted PSCs of different C60SB:TBAI doping levels. The improvement of PSC device performance originates mainly
from enhanced Voc and slightly from enhanced Jsc.
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Figure 19. J-V characteristics of the best performing inverted MAPbI3 PSCs with different
interlayer/cathode arrangements. An Ag cathode was used for both the intrinsic and doped
C60-SB interlayers. The n-doped C60-SB interlayer shown in the plot is an 80:20 wt%
mixture of C60-SB:TBAI. Measurements were obtained with no photomask.

Figure 20. Average device metrics for inverted MAPbI3 PSCs with C60-SB:TBAI/Ag
electrodes of different C60-SB:TBAI doping levels (reproduced from Reference [125]).125
A photomask with an area of 0.54 cm2 was used for these measurements. Note that values
for polymer solar cells are shown here as they were also being studied alongside the PSCs
in Reference [125], but are beyond the scope of Aim 2.
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By examining the electronic structure of the C60-SB/Ag and C60-SB:TBAI/Ag interfaces
using UPS, we were able to determine the cause of the improved device performance that
occurs from n-doping the C60-SB interlayer with TBAI. As shown in Figure 21a, addition
of the C60-SB interlayer increases the binding energy onset from 16.8 eV (bare Ag) to
around 17.25 eV, corresponding to a work function (Φ) decrease of 0.45 eV from 4.45 eV
(bare Ag) to a saturation point of 4.0 eV (C60-SB/Ag) (Figure 21b). The work function
change (ΔΦ) with the addition of the zwitterionic C60-SB has been attributed to the selfalignment of the zwitterionic dipoles of the sulfobetaine side chains as a result of their
interaction with the image charges on the surface of the Ag metal cathode. As shown in the
left panel of Figure 21c, the largest achievable work function reduction attainable at the
C60-SB:TBAI interface is determined by the Fermi level pinning at the energy of negative
integer charge transfer (ICT-) states (EICT-), which explains why a saturation point is
possible for thickness-dependent work function modification. The alignment of the
zwitterionic dipoles is counterbalanced by electron transfer from occupied states below the
Fermi level of the metal to unoccupied ICT- states of the C60-SB.
Increasing TBAI content in C60-SB:TBAI further increases the binding energy onset to a
saturation point around 17.6 eV (Figure 21a), corresponding to a Ag work function
reduction to 3.65 eV (a ΔΦ of 0.8 eV) (Figure 21b). As shown in the right panel of Figure
21c, the existence of the extrinsic electrons from the TBAI allow for the population of the
negative polaron states (Enp), which raises the Fermi level. This is evidenced by the 0.2 eV
shift in the HOMO (and thus LUMO) level of C60-SB:TBAI with respect to the Fermi level
of the C60-SB/Ag (Figure 21a). As a result, the Ag metal cannot transfer electrons to the
ICT- states, and thus the Fermi level is pinned at higher energies, which explains the larger
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ΔΦ for C60-SB:TBAI/Ag compared to C60-SB/Ag. Since Fermi level pinning is also
occurring in this case, a saturation point or the work function is again expected and can be
seen in Figure 21d. Interestingly, the same work function of 3.65 eV obtained here for C60SB:TBAI/Ag was also seen for C60-N/Ag in a previous report124, which correlates well
since the two interlayers exhibit the same HOMO/LUMO levels.
For pure TBAI, which lacks π-conjugation, the work function of Ag is reduced to 3.0 eV
for an ~30 nm thick TBAI film (Figure 21d) since electron transfer from the Ag metal is
unable to occur as the ammonium/iodide of the TBAI interacts with the metal. This allows
for a larger ΔΦ; however, the insulating nature of TBAI and its unfavorable reaction with
Ag to create undesirable AgI species hinders its application as an effective interlayer alone.
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Figure 21. (a) UPS spectra of bare Ag and C60-SB:TBAI-covered Ag for various weight
ratios of C60-SB:TBAI; (b) the observed work functions of a C60-SB:TBAI/Ag electrode
for different weight ratios of C60-SB:TBAI; (c) a schematic electronic structure of C60SB/Ag (left) and C60-SB:TBAI/Ag (right) interfaces; and (d) the observed work functions
of C60-SB-covered, C60-SB:TBAI (50:50)-covered, and TBAI-covered Ag electrodes for
interlayer films of different thicknesses. Reproduced from Reference [125].125

The reduction in the Ag cathode work function not only helps to improve charge extraction
through the PCBM ETM. Additionally, the doping of the C60-SB interlayer also helps to
improve the band alignment between itself and the PCBM, further facilitating electron
extraction at the cathode.
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5.4 Conclusions
In summary, a thickness-independent, TBAI-doped zwitterionic fulleropyrolidine
interlayer, C60-SB:TBAI (solution-processed from an orthogonal solvent to that of the
PCBM ETM), was successfully incorporated into inverted MAPbI3 PSCs. The C60SB:TBAI interlayer allowed for a Fermi level pinning at higher energies than those allowed
by intrinsic C60-SB, which resulted in a higher reduction of the interlayer/Ag electrode
work function (3.65 eV for C60-SB:TBAI compared to 4.0 eV for C60-SB). The higher work
function reduction and the improved conductivity of the C60-SB:TBAI interlayer improved
charge extraction throughout the device; and as a result, inverted PSCs with a maximum
PCE of 16.8% for an 80:20 wt% of C60-SB:TBAI were achieved, outperforming those
PSCs with a Ca/Al electrode. The higher environmental stability, solution-processability,
and thickness tolerance of the C60-SB:TBAI interlayer are advantageous for the future
development of inverted PSCs aiming towards commercialization.
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CHAPTER 6
COPPER-BASED HOLE TRANSPORT MATERIALS AS A REPLACEMENT
FOR PEDOT:PSS
6.1 Introduction
In 2013, Jeng et al. reported the first perovskite/fullerene planar-heterojunction hybrid
solar cell in which poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
was used as a hole-transporting layer, mimicking a common architecture of organic solar
cells.42 Since then, PEDOT:PSS has been widely used as the conventional hole-transport
material (HTM) for planar p-i-n (inverted) perovskite solar cells (PSCs). While
PEDOT:PSS is an attractive polymer for use as a HTM due to its low-temperature solution
processability, high transparency, and good film quality, the material itself is relatively
expensive and exhibits poor stability.126–128 In fact, it has been shown that the acidic and
hydrophilic natures of PEDOT:PSS hinder the long-term stability of inverted PSCs by
degrading the ITO transparent conductive electrode and promoting water ingress into the
active layer.129 Other polymer HTMs such as P3HT, PTAA, and Poly-TPD have been used
to replace PEDOT:PSS in inverted PSCs, and while optimized processing and doping of
these materials has helped achieve PCEs and stabilities beyond those obtained by
PEDOT:PSS-based inverted PSCs, they still remain costly.130–137 Additionally, poorer hole
mobility or transparency of these replacement polymer HTMs often requires that layers be
made relatively thin (< 5nm), which is not compatible with large-scale roll-to-roll
manufacturing.135 For these reasons, researchers have looked towards the use of inorganic
HTMs to replace PEDOT:PSS. Inorganic HTMs such as NiO, CuI, Cu2O, and CuSCN are
relatively cheaper and exhibit higher stability and mobilities than organic HTMs.138–143 The
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higher mobilities of the inorganic HTMs allows for the fabrication of thicker films provided
optical transparency is not compromised. However, achieving uniform thin films via
solution-processing with inorganic HTMs is a difficult task, which has forced many
researchers to use more complicated and costly processes, such as vapor deposition, for
film deposition.135
Of the inorganic HTMs reported, Cu-based HTMs are most intriguing materials for
PEDOT:PSS replacements in inverted MAPbI3 PSCs since they offer the low-cost and
solution-processability without the hydrophilicity and acidity drawbacks.135 Both CuI and
CuSCN have been previously used in inverted PSCs as HTMs, with each having its
advantages and disadvantages.144–148 On the one hand, CuI exhibits higher hole mobility
relative to CuSCN, whereas CuSCN crystallizes at a slower rate than CuI and thus exhibits
better film morphology. Both CuI and CuSCN offer good optical transparency. By merging
CuI and CuSCN into a composite, Luo et al. sought to balance the hole-mobility and film
morphology properties to create an optimized charge-transport layer in polymer LEDs.
They found that a 25 wt% proportion of CuI in CuSCN produced a composite film that
outperformed films produced from both the pure CuI and pure CuSCN.149
Through a detailed study, we investigate the benefits and drawbacks of CuI, CuSCN, and
CuI:CuSCN blends as HTMs in inverted PSCs using various device and thin film
characterization tools. We suggest processing conditions for the Cu-based HTMs for
optimized solar cell performance. Ultimately, the inverted PSCs fabricated with Cu-based
HTMs either rivaled or outperformed those fabricated with a PEDOT:PSS HTM in terms
of performance stability and efficiency, indicating their viability for usage in the future of
inverted PSCs.
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6.2 Experimental
6.2.1 Preparation of Solutions
Copper iodide (CuI, Alfa Aesar) and copper thiocyanate (CuSCN, Alfa Aesar) solutions
were prepared by dissolving a desired mass in either acetonitrile (MeCN, anhydrous,
Acros) for CuI or diethyl sulfide (DES, Sigma Aldrich) for either CuI or CuSCN for 2 h at
room temperature. The solutions were then filtered with a 0.45 µm PTFE filter.
CuI:CuSCN blends were prepared by mixing the filtered 15 mg/mL stock solutions of CuI
and CuSCN in DES in a 1:3, 1:1, or 3:1 volume ratio, and then stirring for 1 h. To prepare
the PbI2(DMSO) complex solution, a 1:1 molar ratio of lead iodide (PbI2) (Alfa Aesar) and
dimethyl sulfoxide (DMSO) (anhydrous, Acros) was dissolved fully at room temperature
in N,N-dimethylmethanamide (DMF) (anhydrous, Acros), and then filtered with a 0.45 µm
PTFE filter. Specifically, 461 mg PbI2/944 mg DMF and 78 mg DMSO/944 mg DMF were
used for a 1.0 M PbI2(DMSO) complex solution. A methylammonium iodide (MAI)
solution was prepared by fully dissolving 60 mg MAI (Greatcell Solar) in 1 mL 2-propanol
(anhydrous, Acros), and then filtering with a 0.45 µm PTFE filter. A phenyl-C61-butyric
acid methyl ester (PCBM) solution was prepared by dissolving 10 mg of PCBM (nano-C)
in 1 mL chlorobenzene (anhydrous, Sigma-Aldrich) at 55 °C overnight, cooling to room
temperature while stirring, and then filtering with a 0.45 µm PTFE filter. A C60-N cathode
interlayer solution was prepared by dissolving 3 mg C 60-N (1-Material) in 1 mL 2,2,2trifluoroethanol (TFE, Acros) overnight, and then filtering with a 0.45 µm PTFE filter.
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6.2.2 Solar Cell Device Fabrication
Patterned indium-doped tin oxide (ITO) substrates (20 Ω/sq, 14.7 cm2, Thin Film Devices)
were cleaned with a 2% Mucasol™ (Sigma-Aldrich) soap solution, deionized water,
acetone (Fisher), and 2-propanol (Fisher) (in that order) with 10 min of ultra-sonication at
each step, followed by drying in an oven at 140 °C overnight. Prior to use, the cleaned ITO
substrates were exposed to UV/Ozone treatment for 20 min. For the devices with a
PEDOT:PSS HTM, PEDOT:PSS (Clevios P VP AI 4083, Heraeus) was spin-coated onto
the ITO-coated glass substrates at 3500 rpm for 90 s, and then annealed at 150 °C for 30
min before being transferred to an N2-glovebox. For the devices with Cu-based HTMs, the
ITO substrates were transferred to an N2-glovebox and spin-coated with 50 μL of the Cubased HTM solution at 3000 rpm for 60 s. If annealing was desired, the Cu-based HTM
films were annealed at 100 ℃ for 10 minutes. Once cooled to room temperature, 50 μL of
the PbI2(DMSO) complex solution was spun onto the Cu-based HTM substrates at 1500
rpm for 15 s, immediately followed by a spin-coating of 100 μL of the MAI solution at
2500 rpm for 30 s. The resulting perovskite film was annealed at 100 °C for 1 hr in the
dark. After the MAPbI3 perovskite was formed and the substrate cooled to room
temperature, 50 μL of the PCBM solution was spun onto the perovskite film at 1000 rpm
for 30 s. Following a previous report,107 the films were covered with a petri dish and
allowed to solvent anneal in the dark for 24 hours. The perovskite devices were completed
by spin-coating 80 μL of the C60-N solution at 4000 rpm for 60 s, followed by thermal
evaporation of a 100 nm thick Ag electrode at a base pressure of 3 × 10 −6 mbar through a
shadow mask. An overlap of the Ag electrode and patterned ITO substrate defined a device
area of 0.06 cm2.
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6.2.3 Characterization
Current−voltage (J−V) curves were tested inside a N2-glovebox using a Keithly 2400
source-meter under simulated AM 1.5G solar irradiation at 100 mV/cm 2 light intensity.
The light source was a 300 W Xe lamp (Newport 91160) that was adjusted with an NRELcalibrated Si reference solar cell and KG-5 filter. No photomask was used for the J-V
measurements. X-ray diffraction (XRD) measurements were made with a PANalytic
X’Pert3 X-ray diffractometer having a Ni filter, 1/2 in. diverging slit, vertical goniometer,
and X’Celerator detector under Cu Kα (λ = 1.542 Å). Scanning electron microscopy (SEM)
images were obtained using a FEI Magellan 400 microscope at 15 kV. Prior to imagining,
samples were mounted on a metal stub using a piece of carbon tape and then coated with a
thin layer of platinum to avoid charging. Thickness measurements were made using a KLA
Tencor Alpha-Step profiler. Ultraviolet–visible spectroscopy measurements were made
using a PerkinElmer Lambda 950 UV-vis-NIR Spectrometer in the wavelength range of
250-900 nm. The UPS measurements were performed with a Scienta Omicron
Nanotechnology, model ESCA+S at a base pressure of 4×10-10 mbar. The instrument
configuration consisted of a He discharge lamp (He I line, 21.2 eV) as the UV excitation
source and a hemispherical SPHERA energy analyzer. The measurements were performed
at a -3V sample bias to collect the low kinetic energy electrons. The binding energy scale
in the UPS spectra is given with reference to a vacuum level, which was taken 21.2 eV
away from the onset of the secondary electron cut off energy. The HOMO level was
determined from the intersection of a tangent line to the low-binding-energy onset with the
abscissa axis. The resolution of the instrument was ~0.1 eV as determined from the width
of a Fermi level of Ar+-sputtered silver. Films for the UPS measurements were spin-coated
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onto UV-O3-treated ITO-coated glass either outside the glovebox (for PEDOT:PSS) or
inside the glovebox (for the Cu-based HTMs from MeCN or DES). Films fabricated inside
the glovebox were transferred to the UPS instrument with minimal exposure to ambient air
(<30 seconds).

6.3 Results and Discussion
A

planar
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inverted
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device

architecture
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ITO/HTM/MAPbI3/PCBM/C60-N/Ag was used for the purposes of this study. The HTMs
used were PEDOT:PSS, CuI, CuSCN, or CuI:CuSCN blends. The solvents MeCN and
DES were chosen as the two solvents for the Cu-based HTMs. Whereas CuSCN may only
be dissolved in DES, CuI is soluble in both MeCN and DES; however, the maximum
solubility of CuI in MeCN was found to be about 30 mg/mL. The first part of this study
focused on analyzing the morphology of PEDOT:PSS and the various Cu-based HTM
films. However, preliminary efficiency results for complete PSCs did not match what was
expected based on morphological observations, suggesting that film morphology is not the
only factor that contributes to overall device performance. After film thickness
optimization, complete PSCs using PEDOT:PSS, CuI from MeCN, or CuI:CuSCN from
DES (1:0, 3:1, 1:1, 1:3, and 0:1 v:v) HTMs were fabricated and tested to obtain average
device efficiency values. HTM film optics, crystallinity, conductivity, and electronic
energy levels as well as MAPbI3 perovskite film crystallinity and morphology on various
HTM surfaces were then investigated in an effort to better understand the performance
trends observed with devices employing the different HTMs.
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6.3.1 HTM Film Morphology with Preliminary Device Performance Results
For film morphology analysis by SEM, all Cu-based HTMs were fabricated on ITO-coated
glass substrates from a 15 mg/mL solution and annealed at 100 °C for 10 minutes (unless
otherwise indicated). Films of CuI from DES and MeCN were analyzed first; their SEM
images are shown in Figure 22.

Figure 22. SEM images of CuI films on ITO-coated glass substrates from MeCN (a) and
DES (b) solvents.

Visibly, neither solvent leads to a CuI film with full-surface coverage. The CuI film from
MeCN shows numerous pinholes, whereas the CuI film from DES shows island growths.
The poor film quality for both films can be attributed to the fast crystallization dynamics
of CuI. Additionally, the higher volatility of DES relative to MeCN is likely the reason that
CuI films from DES showed an inferior film quality between the two under the same spincoating conditions. To avoid charge trap/recombination sites and increased charge
transport resistance, good HTM film quality is important. For this reason, MeCN is the
preferred solvent of the two for CuI film fabrication. Increasing the concentration of CuI
in MeCN to 30 mg/mL had no noticeable effect on film quality; however, annealing the
CuI film at room temperature rather than 100 °C appeared to lessen the number of
observable pinholes (Figure 23). The SEM images for PEDOT:PSS and CuSCN films on
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ITO are shown in Figure 24. Both CuSCN and PEDOT:PSS showed superior film quality
and surface coverage compared to CuI, which can be attributed to CuSCN’s slower
crystallization dynamics relative to CuI and PEDOT:PSS’s polymeric nature.

Figure 23. SEM images of CuI films on ITO-coated glass substrates from 30 mg/mL
MeCN annealed at 100 °C for 10 minutes (a) and 15 mg/mL MeCN annealed at room
temperature for 10 minutes (b).

Figure 24. SEM images of (a) CuSCN films from 15 mg/mL DES annealed at 100 °C for
10 minutes and (b) PEDOT:PSS films on ITO-coated glass substrates.

For further analysis of Cu-based HTM film morphology, blends of CuI:CuSCN (1:3, 1:1,
and 3:1 v:v) were made using 15 mg/mL stock solutions of CuI and CuSCN in DES. DES
was chosen as the solvent due to CuSCN’s insolubility in MeCN. The SEM images of the
three CuI:CuSCN composite films prepared on ITO are shown in Figure 25. For the 3:1
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composite film, it appears as though there is a phase separation between the CuI and
CuSCN (Figure 25c). Film morphology of the composite blends improved as the volume
% of CuSCN increased (Figure 25a and Figure 25b); in fact, the 1:1 and 1:3 CuI:CuSCN
composite films show a much improved film quality compared to the pure CuI film from
DES (Figure 22b), suggesting that the added CuSCN has aided in suppressing the fast
crystallization of the CuI.

Figure 25. SEM images of 15 mg/mL (a) 1:3, (b) 1:1, and (c) 3:1 v:v CuI:CuSCN
composite films spin-coated from DES onto ITO-coated glass substrates.

Complete inverted PSC devices were fabricated with the following HTMs: PEDOT:PSS,
15 mg/mL CuI from MeCN annealed at room temperature for 10 minutes, and 15 mg/mL
CuI from MeCN annealed at 100 °C for 10 minutes to obtain preliminary performance
metrics. The J-V curves for the best performing devices are shown in Figure 26. Despite
its poorer film morphology, the device with an HTM of 15 mg/mL CuI from MeCN
annealed at 100 °C for 10 minutes outperformed the other two. This suggests (1) that it is
likely that the pinholes of the CuI film do not extend throughout the thickness of the film
(otherwise the devices would likely short), (2) that 100 °C annealed CuI HTM films have
inherent benefits over room temperature annealed films, and (3) that HTM film
morphology is not the only factor influencing device performance.
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Figure 26. J-V curves for the highest performing inverted MAPbI3 PSCs with three
different HTMs.

6.3.2 HTM Film Thickness Optimization for Maximum Device Performance
Complete inverted PSCs employing 100 °C annealed CuI and CuSCN HTMs from MeCN
and DES solvents, respectively, were fabricated using concentrations of 1 (0.3 nm), 5 (2.6
nm), 10 (7.1 nm), 15 (15.4 nm), and 30 (27.6 nm) mg/mL to determine the optimum
concentration (film thickness) for maximum device performance. The 100 °C annealed Cubased HTM films were chosen for optimization over the room-temperature annealed Cubased HTM films due to their superior performance based on preliminary results (Figure
26), and thus will be used throughout the remainder of this study. As shown in Figure 27,
the best performing inverted PSCs with a CuI from MeCN HTM occurred at a CuI film
thickness of 15.4 nm and the best performing inverted PSCs with a CuSCN from DES
HTM occurred at a CuSCN film thickness of 7.1 nm, corresponding to concentrations of
15 and 10 mg/mL, respectively. It should be noted that regardless of film thickness, the
CuI-based PSCs outperformed the CuSCN-based PSCs, further indicating that film
morphology is not the only factor influencing device performance.
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Figure 27. PSC performance metrics for devices made with either a CuI from MeCN HTM
or CuSCN from DES HTM of varying thicknesses.

6.3.3 Device Performance Metrics for Complete PSCs with Various HTMs
Complete inverted PSCs employing various HTMs were fabricated, and their average J-V
performance metrics are presented in Figure 28. All Cu-based HTMs were 15 mg/mL in
DES (or MeCN for one set of CuI) based on the previous film thickness optimization
results. Values for those PSCs fabricated with a PEDOT:PSS HTM are also shown in
Figure 28 for comparison. Despite its poor film morphology, PSCs fabricated with a CuI
from MeCN HTM outperformed all others once again. The lower performance of PSCs
with a CuI from DES HTM compared to PSCs with a CuI from MeCN HTM suggests that
film morphology is still important; however, it is certainly not the only factor at play since
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PSCs with a CuI from MeCN HTM also outperformed PSCs with a PEDOT:PSS and
CuI:CuSCN from DES (all volume ratios except 1:0) HTM, all of which had superior film
morphology. All of the PSCs fabricated with CuI:CuSCN (3:1, 1:1, and 1:3 v:v) from DES
HTMs showed higher efficiencies than PSCs fabricated with a pure CuI from DES or a
pure CuSCN from DES HTM, not only suggesting again that morphology may still play a
role but also that it is a property (or properties) of CuI that is likely contributing to improved
device performance. However, as evidenced by the 1:3 CuI:CuSCN from DES HTM’s
better performance relative to the 1:1 and 3:1 blends, it appears as though high
concentrations of CuI are not necessary.

Figure 28. J-V device performance metrics for inverted MAPbI3 PSCs fabricated using
different HTMs. All Cu-based HTMs were fabricated from a 15 mg/mL solution.
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6.3.4 HTM Film Crystallinity
Powder XRD measurements were performed on various HTMs spin-coated onto ITOcoated glass substrates to examine the relative crystallinity of the films since more
crystalline films are often associated with superior charge transport. All Cu-based HTM
films were fabricated to be around the same thickness. As shown in Figure 29, PEDOT:PSS
and CuSCN films did not show any crystalline peaks, suggesting amorphous films. On the
other hand, both CuI films (from DES and MeCN) exhibited a peak around 25°, which
corresponds to the (111) crystal plane of γ-CuI. Noticeably, the (111) peak intensity for the
CuI from MeCN film is much greater than that of the CuI from DES film, indicating a
higher degree of crystallinity in the former.

Figure 29. XRD patterns of various HTMs prepared on ITO-coated glass substrates. All
Cu-based HTMs were prepared to be around the same thickness for comparative purposes.
The XRD pattern of bare ITO is shown for reference.

The XRD patterns for the 15 mg/mL in DES CuI:CuSCN (all volume ratios) films prepared
on ITO are shown in Figure 30. The (111) γ-CuI peak around 25° remains present for the
3:1 composite film but disappears as the volume % of CuSCN increases to 50%, at which
point the composite films appear amorphous.
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Figure 30. XRD images of 15 mg/mL blends of CuI:CuSCN spin-coated from DES onto
ITO-coated glass substrates. All Cu-based HTMs were prepared to be around the same
thickness for comparative purposes.

The stronger crystalline nature of CuI from MeCN films relative to PEDOT:PSS films and
CuI:CuSCN (all volume ratios) from DES films may result in superior charge transport in
the CuI from MeCN films (and could be a reason for CuI’s higher observed effective hole
mobility in Table 3), which could be one factor contributing to the higher observed
efficiencies of PSCs fabricated with CuI from MeCN HTMs. Of course, if crystallinity
were the only contributing factor, one would expect to see higher average efficiencies with
PCSs fabricated with the 3:1 and 1:1 v:v CuI:CuSCN from DES HTMs over those with the
1:3 CuI:CuSCN from DES HTM, which is opposite from what is observed (Figure 28). As
such, it is clear that both HTM film morphology and crystallinity play a role in overall PSC
device performance. Nevertheless, HTM film crystallinity and morphology alone still do
not explain all of the device performance trends observed in Figure 28.
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6.3.5 Perovskite Film Morphology and Crystallinity on Different HTM Surfaces
To further understand why PSCs with a PEDOT:PSS HTM were outperformed by those
with a CuI from MeCN HTM, SEM (Figure 31) and XRD (Figure 32) were used to examine
the surface morphology and crystallinity, respectively, of MAPbI3 perovskite films grown
on either PEDOT:PSS or CuI from MeCN surfaces. While both MAPbI3 perovskite film
surfaces showed no evidence of pinhole formation regardless of the underlying substrate,
the grains of the MAPbI3 formed on CuI are visibly larger on average than those formed
on PEDOT:PSS (Figure 31). The XRD patterns further corroborate this finding as the (110)
and (220) perovskite peaks of the MAPbI3 perovskite grown on CuI show a greater
intensity than those MAPbI3 perovskite films of the same thickness grown on PEDOT:PSS,
indicating a higher degree of crystallinity (Figure 32a). PSCs with active layer perovskite
films of larger grain sizes often show enhanced performance over those with smaller grains
due to improved charge transport as a result of a lack of grain boundary induced
recombination and charge trap sites.
Figure 32b shows the XRD patterns of MAPbI3 perovskite films (all the same thickness)
grown on various Cu-based HTM film surfaces. Unlike what was observed between
PEDOT:PSS and CuI, there was no noticeable differences in the relative intensities of these
MAPbI3 perovskite films. Ultimately, it appears as though MAPbI3 perovskite crystallizes
to the same degree on surfaces of CuI, CuSCN, or blends of the two.
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(a)

(b)

Figure 31. SEM images of MAPbI3 perovskite films grown on (a) PEDOT:PSS and (b)
CuI surfaces.

(a)

Figure 32. XRD patterns for (a) MAPbI3 perovskite films grown on PEDOT:PSS and CuI
surfaces, and (b) MAPbI3 perovskite films grown on different Cu-based HTMs. All
MAPbI3 perovskite films were prepared to be around the same thickness for comparative
purposes.

6.3.6 HTM Film Optics
The amount of light that is able to be absorbed by the MAPbI3 perovskite active layer is
directly dependent on the amount of light that is allowed to transmit through the ITOcoated glass and HTM film. The optical absorbance and transmission spectra for
PEDOT:PSS, pure CuI from MeCN, pure CuI from DES, pure CuSCN from DES, and
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CuI:CuSCN (3:1, 1:1, and 1:3 v:v) blends from DES spin-coated on ITO-coated glass are
shown in Figures 33a and 33b, respectively. The absorbance and transmission spectra for
ITO-coated glass are also shown for reference. Note that the average transmission for the
ITO shown in Figure 33b is lower than that of each ITO/HTM due to the reflectance of the
bare ITO-coated glass substrate. Due to their being wide-bandgap semi-conductors, the
Cu-based HTM films have a small absorbance in the low-wavelength region of the visible
and ultraviolet spectra. The films of PEDOT:PSS, pure CuI from MeCN, and pure CuSCN
from DES had an ~86% average transmission in the visible region from 400-800 nm. The
average transmission in the 400-800 nm visible region was 85-86% for the CuI:CuSCN
composite films on ITO, with the average transmission increasing by about 0.5% with
increasing CuSCN content. CuI from DES had an ~4% lower average transmission of
~82% likely due to its inferior film quality. At 550 nm, CuI from MeCN had a transmission
of ~90%, which is ~2% higher than that of PEDOT:PSS (~88%), ~3% higher than that of
CuSCN from DES (~87%), ~4% higher than those of the three CuI:CuSCN composite
blends (~86% for each), and ~5% higher than that of CuI from DES (~85%). The improved
transmission for CuI from MeCN films on ITO-coated glass is yet another factor that could
be contributing to the higher observed efficiencies of PSCs fabricated with CuI from MeCN
HTMs. Additionally, the improved average transmission with increasing CuSCN content
could be one factor contributing to why PSCs fabricated with 1:3 CuI:CuSCN from DES
HTMs outperform PSCs fabricated with either 1:1 or 3:1 CuI:CuSCN HTMs.
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(a)

(b)

Figure 33. Optical absorbance (a) and transmission (b) spectra for PEDOT:PSS, CuI from
MeCN, and CuI:CuSCN (1:0, 3:1, 1:1, 1:3, and 0:1 v:v) from DES films on ITO-coated
glass substrates. The spectra for the ITO-coated glass are also shown for reference. All Cubased HTM films were deposited from 15 mg/mL solutions.
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6.3.7 HTM Film Electronic Band Levels
Proper band level alignment between the valence bands of the HTMs and the MAPbI3
perovskite is important for efficient hole extraction and transport to the conducting
electrode. Charge carrier recombination is also less likely to occur the better the band levels
match up. Figure 34 (top panel) gives the UPS secondary electron cutoffs for bare ITOcoated glass, PEDOT:PSS deposited on ITO, 15 mg/mL CuI from MeCN deposited on
ITO, and each 15 mg/mL CuI:CuSCN volume ratio from DES deposited on ITO, which
allow for the calculation of each film’s effective work function. Figure 34 (bottom panel)
gives the low-binding-energy onsets, which, along with the calculated work function,
provides the information needed to estimate the HOMO or valence band (VB) levels for
each semiconducting film. The calculated work functions and corresponding HOMO/VB
levels (if applicable) for bare ITO-coated glass, PEDOT:PSS deposited on ITO, 15 mg/mL
CuI from MeCN deposited on ITO, and each 15 mg/mL CuI:CuSCN volume ratio from
DES deposited on ITO are shown in Table 3. The VB levels for the Cu-based HTMs tend
to increase with increasing CuSCN content. Compared to the VB level of ~5.45 eV for
MAPbI3, all Cu-based HTMs have excellent band alignment, aside from CuSCN. The
higher VB level of CuSCN (5.6 eV) relative to that of MAPbI3 could lead to increased
series resistance during carrier transport, which would decrease the resulting FF and thus
the overall efficiency of the solar cell. Additionally, the poorer work function-VB match
of the PEDOT:PSS HTM (5.0 eV) with MAPbI3 relative to the CuI-containing HTMs
(5.35-5.45 eV) would indicate increased chances for recombination in PEDOT:PSS HTMbased PSC, which would result in a lower Voc and thus a decrease in the overall efficiency
of the solar cell.
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Figure 34. UPS spectra of ITO, PEDOT:PSS-covered ITO, and CuI:CuSCN-covered ITO
for various volume ratios of CuI and CuSCN in MeCN or DES.
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Table 3. Calculated work functions and HOMO/VB levels for various HTMs deposited on
UV-O3 ITO-coated glass. Bare UV-O3 ITO and MAPbI3 are both shown for reference. All
Cu-based HTM films were deposited from a 15 mg/mL solution. The error is ± 0.5 eV.
Work
δ HOMO
HOMO/VB Level
HTM
Function
(eV)
(eV)
(eV)
*ITO*
4.50
*MAPbI3*
5.45
PEDOT:PSS
5.00
CuI from MeCN
5.30
0.1
5.40
1:0 CuI:CuSCN from DES
5.10
0.25
5.35
3:1 CuI:CuSCN from DES
5.30
0.1
5.40
1:1 CuI:CuSCN from DES
5.20
0.2
5.40
1:3 CuI:CuSCN from DES
5.25
0.2
5.45
0:1 CuI:CuSCN from DES
5.45
0.15
5.60

6.4 Conclusions
Despite their other advantages (e.g. higher conductivity and economical), inorganic thin
films as charge transporting layers often have poorer film morphologies than their organic
counterparts. Preliminary device performance data for PSCs fabricated with either an
organic PEDOT:PSS or an inorganic Cu-based HTM revealed that, though still relevant,
film morphology is not the sole deciding factor for final device performance as devices
employing pinhole-containing CuI from MeCN HTMs outperformed those with uniform
HTM films from PEDOT:PSS or CuI:CuSCN (3:1, 1:1, 1:3, or 0:1 v:v) from DES blends.
In an effort to better understand the performance trends observed with devices employing
the different HTMs, HTM film optics, crystallinity/charge transport potential, and
electronic energy levels as well as MAPbI3 perovskite film crystallinity and morphology
on various HTM surfaces were investigated. Table 4 summarizes the results from this study
by assigning corroborative numerical rankings to each HTM based on their performances
during each of these experiments. The rankings were not arbitrary, but rather given based
on quantitative data or qualitative results. The scores for each HTM were then averaged
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and compared to how each HTM ranked performance-wise when used in a complete PSC.
Amazingly, the ranking trends were identical, which confirms that the efficacy of these
HTMs in complete PSCs is dependent on the additive benefits from all relevant
film/material properties (i.e. morphology, optics, crystallinity/charge transport potential,
and electronic band level alignment).

Table 4. Summary, using corroborated numerical rankings, of how each HTM performed
relative to one another during each experiment throughout the study. The right side of the
table compares the overall ranking of each HTM (determined by averaging their rankings
from the left side of the table) to how they ranked based on the performance of the PSCs
in which they were used.
Crystallinity/
Charge
Transport
Potential
7

VB
Alignment

Overall
Ranking
(Avg. Score)

Device
Performance
Ranking

7

5 (4.25)

5

2
5

1 (2.50)

1

7

1
2

7 (5.25)

7

5

6

3

2

4 (4.00)

4

4

5

4

2

3 (3.75)

3

3

4

5

1

2 (3.25)

2

2

3

6

6

5 (4.25)

5

HTM

Morphology

Optics

PEDOT:PSS
CuI from MeCN
1:0 CuI:CuSCN
from DES
3:1 CuI:CuSCN
from DES
1:1 CuI:CuSCN
from DES
1:3 CuI:CuSCN
from DES
0:1 CuI:CuSCN
from DES

1
6

2
1

7

Despite its poorer film morphology, PSCs fabricated using CuI from MeCN HTMs still
outperformed all others due to the HTM’s exceptional optical, crystallinity/charge
transport potential, and VB alignment properties. Meanwhile, PSCs fabricated using HTMs
like PEDOT:PSS and CuSCN from DES (which had great film morphology and optics but
inferior crystallinity/charge transport potential and VB alignment to MAPbI3 compared to
all other HTMs) or CuI from DES (which had better crystallinity/charge transport potential
and VB alignment to MAPbI3 but inferior film morphology and optics compared to all other
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HTMs) gave subpar device efficiencies due to the negative drawbacks brought forth by
certain film/material properties of their HTMs. For the 3:1, 1:1 and 1:3 v:v CuI:CuSCN
blends from DES HTMs, it was the small, though still slightly better, differences in
morphology, optics, and especially VB alignment to MAPbI3 that made PSCs fabricated
with the 1:3, 1:1 and 3:1 CuI:CuSCN blends from DES HTMs achieve the second, third,
and fourth highest average efficiencies, respectively. All in all, it is recommended that
researchers consider all film and material properties (perhaps those that were not even
mentioned in this study) of a charge transport layer before choosing the one they wish to
optimize and use within their solar cell. Of course, it should be noted that long term
stability, toxicity, and cost were factors not considered here that may influence a researcher
to choose a lesser performing HTM over a higher performing HTM in their devices.
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CHAPTER 7
GRAPHENE AS A PROTECTIVE OVERLAYER IN PEROVSKITE SOLAR
CELLS FOR STABILITY ENHANCEMENT
7.1 Introduction
Since their first appearance in 2009, the maximum power conversion efficiency (PCE)
achieved by hybrid organic-inorganic perovskite solar cells (PSCs) has drastically
improved from an initial 3.81%20 to over 25%.5 While the performances of PSCs now rival
those of crystalline silicon-based solar cells, their poor stability in the presence of
moisture150–153, high temperatures154–156, and prolonged light exposure108,157–159 remains
one of the major issues deterring their immediate commercialization.
Graphene is a single-atom-layer thick material comprised of sp2-bonded carbon atoms
arranged in a hexagonal lattice of aromatic rings. Due to its structure, graphene has
remarkable in-plane thermal and electrical conductivity,160 impressive flexibility,161 and
high molecular impermeability;162,163 in fact, it has been shown that even molecules as
small as O2 cannot permeate through pristine graphene under thermal equilibrium. Highquality, large-area graphene can be easily produced through chemical vapor deposition
(CVD) processing, and later it was revealed that roll-to-roll production of this material was
also possible.164,165 Because of these properties, graphene is an attractive material for use
in PSCs to improve their stability. With its high impermeability, graphene can effectively
block water and the metal ions of the top electrode from diffusing into the perovskite active
layer. Additionally, charge transport within the device will be uncompromised as electrons
can easily tunnel through a single atomic layer of graphene. Lastly, its proven roll-to-roll
compatibility would allow for graphene to continue to be used in larger area PSCs.
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Herein, large area, continuous monolayer CVD graphene was effectively adhered to the
surface of MAPbI3 perovskite films using a versatile orthogonal solvent-assisted pseudo
dry transfer process. Perovskite films with a protective graphene layer showed improved
moisture and thermal stability compared to those films without graphene. Complete PSCs
with and without a graphene barrier layer were also constructed. Under unfavorable
moisture and thermal conditions for MAPbI3 perovskites, complete PSCs with graphene
outlasted their no-graphene counterparts in terms of performance.

7.2 Experimental
7.2.1 Preparation of Solutions
A polyvinyl formal (Formvar) graphene transfer medium was prepared by dissolving
Formvar resin in chloroform (Fisher) at room temperature at a ratio of 100 mg Formvar per
1 mL chloroform. A copper iodide (CuI) solution was prepared by dissolving 15 mg CuI
(Alfa Aesar) in 1 mL acetonitrile (anhydrous, Acros) for 2 h at room temperature, and then
filtering with a 0.45 µm PTFE filter. To prepare the PbI 2(DMSO) complex solution, a 1:1
molar ratio of lead iodide (PbI2) (Alfa Aesar) and dimethyl sulfoxide (DMSO) (anhydrous,
Acros) was dissolved fully at room temperature in N,N-dimethylmethanamide (DMF)
(anhydrous, Acros), and then filtered with a 0.45 µm PTFE filter. Specifically, 461 mg
PbI2/944 mg DMF and 78 mg DMSO/944 mg DMF were used for a 1.0 M PbI2(DMSO)
complex solution. A methylammonium iodide (MAI) solution was prepared by fully
dissolving 60 mg MAI (Greatcell Solar) in 1 mL 2-propanol (anhydrous, Acros), and then
filtering with a 0.45 µm PTFE filter. A phenyl-C61-butyric acid methyl ester (PCBM)
solution was prepared by dissolving 10 mg of PCBM (nano-C) in 1 mL chlorobenzene
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(anhydrous, Sigma-Aldrich) at 55 °C overnight, cooling to room temperature while stirring,
and then filtering with a 0.45 µm PTFE filter. A C60-N cathode interlayer solution was
prepared by dissolving 3 mg C60-N (1-Material) in 1 mL 2,2,2-trifluoroethanol (TFE)
(Acros) overnight, and then filtering with a 0.45 µm PTFE filter.

7.2.2 Graphene Synthesis
Continuous, monolayer graphene was synthesized on 3 in2 sheets of 35 μm copper (Cu)
foil (Graphene Platform) by chemical vapor deposition in a quartz tube furnace (Planar
Tech). Prior to growth, the Cu foil was pre-cleaned with DI water and ethanol (Fisher), and
then dried with N2. The Cu foil was annealed under low pressure (2 torr) and 1020 ℃ with
a gas flow of 20 SCCM of H2 for 2 h. To begin the graphene growth, 10 SCCM of CH4
was introduced to the chamber (still at 1020 ℃ and 2 torr) for 20 min, followed by a rapid
cooling to room temperature under a gas flow of 20 SCCM of H2 and 20 SCCM of Ar.
Following the growth, the graphene/Cu foil sheets were adhered to thermal release tape
(TRT) (Graphene Supermarket) and cut into smaller 15 cm 2 squares for the transfer
process.

7.2.3 Graphene Transfer
A 15 cm2 graphene/Cu foil/TRT square was placed in a glass dish against the wall at a 60°
incline with the graphene side facing upwards. A pipet was used to evenly coat the
graphene surface with the Formvar solution. The Formvar/graphene/Cu foil/TRT was dried
for 15 min, baked at 100 °C to remove the TRT, and then floated (graphene side up) atop
a 1:1 volume ratio DI water and ferric chloride copper etchant solution (MG Chemicals).
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After 3 min, the Formvar/graphene/Cu foil was removed, and the bottom (non-graphene
side) of the substrate was washed with DI water to remove any backside graphene. The
Formvar/graphene/Cu foil was then placed atop a 3:1 volume ratio DI water and ferric
chloride copper etchant solution with the graphene side up. After 45 min, the Cu foil was
dissolved, leaving only graphene adhered to the Formvar. The free-standing
Formvar/graphene was washed thoroughly by floating in several baths of DI water to
remove any remaining copper etchant solution, and then placed gently between two
cleanroom wipe squares to dry. The free-standing Formvar/graphene was moved to an N2glovebox (N2 and O2 < 5.0 ppm) for the remainder of the transfer. In the glovebox, 100 µL
of n-butanol (Fisher) was used to cover the surface of a MAPbI3 perovskite film. The freestanding Formvar/graphene was gently placed (graphene side down) atop the MAPbI 3/nbutanol such that it covered the entire surface of the perovskite. A Teflon rod was rolled
over the system to enhance the contact between the graphene and the perovskite before
transferring the device to a hot plate set to 50 °C. The device was baked for 15 min to
further promote the graphene adhesion and to remove any remaining butanol. Once cooled
to room temperature, the device was placed in a chloroform (Fisher) bath for 2 min,
removed, and washed with additional chloroform to fully remove the Formvar layer,
leaving only the graphene adhered to the perovskite film.

7.2.4 Solar Cell Device Fabrication
Patterned indium-doped tin oxide (ITO) substrates (20 Ω/sq, 14.7 cm2, Thin Film Devices)
were cleaned with a 2% Mucasol™ (Sigma-Aldrich) soap solution, deionized water,
acetone (Fisher), and 2-propanol (Fisher) (in that order) with 10 min of ultra-sonication at
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each step, followed by drying in an oven at 140 °C overnight. Prior to use, the cleaned ITO
substrates were exposed to UV/Ozone treatment for 20 min. Following the cleaning and
surface polarization, the ITO substrates were transferred to an N 2-glovebox (N2 and O2 <
5.0 ppm) for the remainder of the procedure. 50 μL of the CuI solution were spun onto the
bare ITO at 3000 rpm for 60 s, and then annealed at 100 ℃ for 10 minutes. Once cooled
to room temperature, 50 μL of the PbI2(DMSO) complex solution was spun onto the CuIcoated substrates at 1500 rpm for 15 s, immediately followed by a spin-coating of 100 μL
of the MAI solution at 2500 rpm for 30 s. The resulting perovskite film was annealed at
100 °C for 1 hr in the dark. After the MAPbI3 perovskite was formed and the substrate
cooled to room temperature, 50 μL of the PCBM solution was spun onto the perovskite
film at 1000 rpm for 30 s. Following a previous report, 107 the films were covered with a
petri dish and allowed to solvent anneal in the dark for 24 hours. The perovskite devices
were completed by spin-coating 80 μL of the C60-N solution at 4000 rpm for 60 s, followed
by thermal evaporation of a 100 nm thick Ag electrode at a base pressure of 3 × 10 −6 mbar
through a shadow mask. An overlap of the Ag electrode and patterned ITO substrate
defined a device area of 0.06 cm2. For the devices with the graphene layer, monolayer
graphene was transferred onto the MAPbI3 perovskite prior to the deposition of the PCBM.

7.2.5 Inductively Coupled Plasma Mass Spectroscopy
After the complete PSCs with or without the graphene barrier layer were subjected to the
thermal annealing treatment for 12 hours at 85 ℃, scotch tape was used to remove the Ag
electrodes from the tops of the devices. This process was repeated two additional times to
ensure the Ag electrodes had been thoroughly removed. The PCBM layers were removed
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by submerging the samples in a chlorobenzene bath for 5 min. The samples, now with the
perovskite layer as the top layer, were then rinsed with additional chlorobenzene, dried
with a nitrogen gun, and then placed in separate vials each containing 5 mL of 4:1 HCl
(37%)/HNO3 (67%) aqua regia for 12 hours to dissolve. The aqua regia solutions were
transferred to 15 mL Falcon tubes and diluted in a 5:7 v/v ratio with water. ICP-MS analysis
was performed with a Perkin-Elmer NexION 350D ICP-MS on the aqua regia solutions.
The detection limit for Ag was ~0.1 ng in 1 mL of the solution.

7.2.6 Characterization
Current−voltage (J-V) curves were tested inside a N2-glovebox using a Keithly 2400
source-meter under simulated AM 1.5G solar irradiation at 100 mV/cm 2 light intensity.
The light source was a 300 W Xe lamp (Newport 91160) that was adjusted with an NRELcalibrated Si reference solar cell and KG-5 filter. No photomask was used for the J-V
measurements. X-ray diffraction (XRD) measurements were made with a PANalytical
X’Pert3 X-ray diffractometer having a Ni filter, 1/2 in. diverging slit, vertical goniometer,
and X’Celerator detector. Measurements were made under Cu Kα (λ = 1.542 Å).

7.3 Results and Discussion
Large area, continuous monolayer graphene was grown on copper (Cu) foil using a lowpressure CVD method. Raman spectroscopy was performed to determine the crystalline
quality of the graphene. According to Figure 35, the Raman spectrum shows three Raman
peaks at 1341 cm-1 (D band), 1584 cm-1 (G band), and 2668 cm-1 (2D band). The intensity
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(I) ratio I2D/IG for the 2D to G bands is about 2.95, which is consistent with that of
monolayer graphene (~2-3).166,167

Figure 35. Raman spectrum of monolayer graphene transferred onto an SiO2/Si substrate.
Generally, a wet transfer process is used to adhere graphene to a target substrate.168 In this
case, graphene attached to a polymer support (typically poly(methyl methacrylate),
PMMA) is floated on the surface of water so that a target substrate can then be used to
scoop up the graphene. The graphene adheres to the target substrate after heating and
drying. If a PMMA support is used, the substrate with the PMMA/graphene is immersed
in a hot acetone bath to remove the PMMA, leaving just the graphene adhered to the target
substrate. Unfortunately, this transfer process does not work with a perovskite substrate
since submersion in water will quickly degrade the perovskite film. Furthermore, a support
layer other than PMMA is necessary since a hot acetone bath will also degrade the
perovskite film. As such, for this study a pseudo dry transfer process with a thick polyvinyl
formal (Formvar) support was used, based on a previous report. 169 The thicker support
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layer allowed for a freestanding Formvar/graphene film that could be easily transferred to
a target surface. Instead of water, an orthogonal solvent (i.e. n-butnaol) was used to adhere
the Formvar/graphene to a MAPbI3 perovskite film. The Formvar support was easily
removed by submerging the Formvar/graphene/MAPbI3 in a chloroform bath, leaving just
the graphene adhered to an undamaged MAPbI3 film. A more detailed description of this
transfer process can be found in Experimental. It should be noted that this transfer process
can be used to adhere graphene to any film surface provided it does not degrade in the
chloroform needed to remove the Formvar.

7.3.1 Moisture Stability
To determine if graphene could effectively inhibit water ingress into the perovskite film,
MAPbI3 perovskite films with and without a graphene barrier layer (prepared on glass)
were placed in an ambient environment controlled to 30-50% relative humidity (Figure
36). The films were left under these conditions for one week, only to be removed at
different time periods for stability analyses.
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Figure 36. Apparatus used to maintain a controlled humidity environment in air during
moisture stability studies. The relative humidity inside the container was kept between 3050%.

Since the presence of PbI2 is a good indicator of perovskite film degradation, powder x-ray
diffraction (XRD) was used to measure film stability in the presence of moisture. As shown
in Figure 37a, for the films without a graphene barrier layer, the (001) diffraction peak for
PbI2 around 12.2° began to appear after just 1 day. After 4 days the relative intensity of the
PbI2 surpassed that of the MAPbI3, and by day 7 the film had completely degraded to pure
PbI2. Conversely, for films with the graphene barrier layer, only a small amount of PbI 2
was detected in the film after one week (Figure 37b). It was observed that a small amount
of PbI2 began to form around the edges of the MAPbI3 film with graphene (Figure 38f).
Since graphene was only encapsulating the surface of the perovskite, it is very likely that
this slight degradation was due to water penetration from the edges of the film.
Nevertheless, it is evident from these results that the graphene was able to effectively
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protect the MAPbI3 perovskite film from water penetration in a humid ambient
environment.

Figure 37. Evolution of MAPbI3 XRD patterns with (a) and without (b) a graphene barrier
layer during storage in air at 30-50% relative humidity for one week.

Figure 38. MAPbI3 films on glass substrates with or without a graphene barrier layer
during storage in air at 30-50% relative humidity for one week.
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Complete PSCs were fabricated in the inverted, planar p-i-n architecture with or without a
graphene barrier layer between the MAPbI3 active layer and the phenyl-C61-butyric acid
methyl ester (PCBM) electron transport material (ETM) (Figure 39). Copper iodide (CuI)
was chosen as the hole transport material (HTM) in this study over the commonly used
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) HTM due to its
superior stability in MAPbI3 PSCs (Figure 40) and lower acidity.144

Figure 39. Schematic of the inverted structure, planar p-i-n PSC. Note that the graphene
layer may or may not be included in the final device architecture.
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Figure 40. The change in normalized PCE over 1032 hours for MAPbI3 PSCs fabricated
with a PEDOT:PSS or CuI HTM. Except when tested, devices were left in the dark in an
inert N2 atmosphere. The testing was performed in an inert N2 atmosphere.

The current-voltage (J-V) characteristics for the highest performing devices with and
without the graphene barrier layer are presented in Figures 41a and 41b. On average,
devices with the graphene barrier layer gave Voc = 1.04 V, Jsc = 20.5 mA/cm2, FF = 77.6%,
and PCE = 16.6%; and devices without the graphene barrier layer gave Voc = 1.05 V, Jsc =
19.8 mA/cm2, FF = 73.4%, and PCE = 15.2%. As expected, the presence of graphene did
not affect the overall performance of the device; however, it was observed that devices
with graphene showed slightly greater hysteresis compared to those without graphene. It
has been reported that inverted PSCs with a PCBM ETM showed minimal (if any)
hysteresis since the PCBM is able to effectively passivate surface and grain boundary trap
states within the perovskite layer.170 Here, though, there is an impermeable graphene layer
between the perovskite and the PCBM, which is likely prohibiting the PCBM from
passivating the perovskite trap states. Efforts are currently underway to develop a
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perovskite film fabrication procedure that includes trap state passivation so as to eliminate
the need for PCBM to fulfill this role. It should also be mentioned that the FF for devices
with a graphene barrier layer was higher on average than that for devices without a
graphene barrier layer. We hypothesize that the cause for this is that the graphene barrier
layer is hindering the migration of mobile MA+ or I- ions within the perovskite active layer,
which improves the series resistance of the solar cell, and thus the resulting FF. Of course,
additional investigation is required for corroboration of this theory.

Figure 41. J-V curves with corresponding performance parameters (insets) for the highest
performing PSCs with (a) and without (b) a graphene barrier layer.

To measure the PSC performance over time, complete devices with and without a graphene
barrier layer were placed an ambient environment controlled to 30-50% relative humidity.
At various time periods, the devices were removed from the controlled environment and
transferred into a nitrogen glovebox for testing. After testing, the devices were immediately
returned to the controlled environment. Images of the full devices during the week-long
ageing process are shown in Figure 42.
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Figure 42. Glass/ITO/CuI/MAPbI3/PCBM/C60-N/Ag full devices with or without a
graphene barrier layer during storage in air at 30-50% relative humidity for one week.

The normalized PCE versus time plot for the devices with and without graphene is shown
in Figure 43. Noticeably, after one week the complete PSCs without a graphene barrier
layer rapidly decreased to 46% of their initial PCE, while those PSCs with a graphene
barrier layer maintained 93% of their initial PCE. J-V curves for devices with and without
a graphene barrier layer after one week in air at 30-50% relative humidity are given in
Figure 44 and 45, respectively. On average after one week in air at 30-50% relative
humidity, devices with the graphene barrier layer gave V oc = 1.04 V, Jsc = 19.7 mA/cm2,
FF = 75.3%, and PCE = 15.4%; and devices without the graphene barrier layer gave Voc =
1.05 V, Jsc = 12.8 mA/cm2, FF = 52.0%, and PCE = 7.0%. Evidently, the primary cause for
the decrease in PCE for devices without graphene was the rapid drop in short circuit current
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(Jsc) and fill factor (FF). This is due to the increasing presence of PbI 2 in the perovskite
active layer over time.

Figure 43. Normalized PCEs of full devices with or without a graphene barrier after
storage in air at 30-50% relative humidity for one week.
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Figure 44. Forward bias scan J-V curves with corresponding performance parameters
(inset) for the highest performing PSC with a graphene barrier layer after 0 days and 7 days
in air at 30-50% relative humidity.

Figure 45. Forward bias scan J-V curves with corresponding performance parameters
(inset) for the highest performing PSC without a graphene barrier layer after 0 days and 7
days in air at 30-50% relative humidity.
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On the other hand, devices with graphene withstood degradation to PbI 2 and thus did not
show such a decrease in Jsc and FF. Ultimately, these results demonstrate that graphene can
effectively help to improve the stability of complete PSCs in a humid ambient environment
by preventing water penetration into the perovskite active layer. It should be noted, though,
that the presence of the hydrophobic PCBM layer in the complete PSCs most likely
contributed to improved moisture stability as well.

7.3.2 Thermal Stability
In the presence of high temperatures, it is possible for the metal ions of the top electrode
of a complete PSC to migrate into the perovskite active layer. Domanski et al. showed that
when a complete PSC is heated to 70 °C, Ag or Au ions from the top electrode migrate
down through the spiro-OMeTAD HTM and into the perovskite active layer, causing an
irreversible degradation.70 By inserting a thin layer of Cr between the HTM and the
electrode, they were able to hinder the metal ion diffusion, albeit with a noticeable loss in
overall device performance due to work function mismatch and increased series resistance.
It was expected that graphene’s impermeability could help to prevent the diffusion of metal
ions (Ag in this case) from the top electrode into the perovskite active layer after exposure
to heat. The existence of metal ions within the perovskite lattice induces the formation of
unwanted charge trap and recombination sites, which ultimately results in a decrease in the
overall device performance. To assess this hypothesis, complete PSCs with and without a
graphene barrier layer were fabricated, tested for solar cell performance, placed on a hot
plate set to 85℃ for 12 hours in the dark, and then removed and retested once cooled to
room temperature. A temperature of 85 ℃ was chosen here as this is (1) the IEC 61 656
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climatic chamber test temperature standard for thermal stability and (2) below the
decomposition temperature for MAPbI3. The devices were not removed from the nitrogen
glovebox for the entirety of this procedure to ensure any changes noticed were due solely
to the heat treatment. The average device performance parameters for those PSCs with and
without a graphene barrier layer before and after the heat treatment are shown in Figures
46a and 46b.

Figure 46. Average device performance metrics for PSCs with (a) and without (b) a
graphene barrier layer before and after being subjected to an inert atmosphere heat
treatment of 85℃ for 12 hours in the dark.
Aside from a slight increase in the average Jsc from 20.9 mA/cm2 to 21.5 mA/cm2 as well
as a slight decrease in the average FF from 76.5% to 74.5%, the average V oc and PCE for
the devices with the graphene barrier layer remained constant after the heat treatment (1.01
V and 16.1%, respectively), indicating little to no effect from the heat treatment on the
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PSCs with a graphene barrier layer. On the other hand, the average PCE for the PSCs
without the graphene barrier layer decreased from 15.3% to 11.4% after the heat treatment,
due primarily to a decrease in FF from 73.6% to 57.3%. However, unlike the large decrease
in average Jsc observed in the moisture stability study, there was only a slight reduction in
the average Jsc from 20.4 mA/cm2 to 19.8 mA/cm2 observed in PSCs without a graphene
barrier layer after the heat treatment. One would expect to see a decrease in the average J sc
with MAPbI3 degradation to PbI2 due to the larger band gap of PbI2; therefore, it is
reasonable to suggest that some other factor is causing the decrease in performance for
those PSCs without a graphene barrier layer. Additionally, XRD analysis revealed no
significant degradation to PbI2 for either MAPbI3 film with or without the graphene barrier
layer (Figure 47).

Figure 47. XRD patterns for MAPbI3 films with and without a graphene barrier layer after
being subjected to an inert atmosphere heat treatment of 85℃ for 12 hours in the dark.
The presence of Ag metal ions in a pure MAPbI 3 lattice are defects that create trap states
in the absorber material, which lowers the overall achievable FF for the device but may not

98

necessarily have a large effect on Voc or Jsc. As such, it was hypothesized that the cause for
the decrease in FF, and thus device performance, for the PSCs without a graphene barrier
layer was due to the presence of Ag metal ions in the lattice that had diffused from the top
Ag electrode. Inductively coupled plasma mass spectroscopy (ICP-MS) was performed on
samples derived from complete PSCs with and without a graphene barrier layer that had
been subjected to an inert atmosphere heat treatment of 85℃ for 12 hours in the dark.
Samples from PSCs with a graphene barrier layer showed an average of 5.8 ± 2.9 ng Ag/mL
of solution, whereas samples from PSCs without a graphene barrier layer showed and
average of 49.7 ± 14.4 ng Ag/mL of solution. A reference sample derived from a PSC
without a graphene barrier layer that was not subjected to the heat treatment showed an Ag
content of 0.9 ± 0.2 ng Ag/mL of solution. These results indicate that Ag has certainly
diffused from the top electrode into the perovskite active layer for PSCs without a graphene
barrier layer and is likely the cause for the observed decrease in performance. The small
amount of Ag present in the PSCs with a graphene barrier layer combined with the
unchanged average performance for these devices post heat treatment indicate that
graphene can successfully prevent the diffusion of Ag metal ions into the perovskite active
layer. Of course, that there was any Ag present in the perovskite active layer for PSCs with
a graphene barrier layer could suggest the presence of minor defects or tears within the
graphene that may have formed during the growth and/or transfer process.

7.4 Conclusions
In conclusion, an orthogonal solvent-assisted pseudo dry transfer method was used to
successfully adhere continuous, monolayer graphene to the surface of a MAPbI 3 perovskite
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film without damaging the underlying perovskite layer. It was found that a single layer of
graphene can greatly improve the moisture and thermal stability of MAPbI 3 perovskite
films. After exposure to 30-50% ambient relative humidity for one week, only minute
amounts of PbI2 were observed in perovskite films with graphene, whereas those films
without graphene completely degraded to PbI2. Completed PSCs with graphene maintained
93% of their initial average PCE after exposure to 30-50% ambient relative humidity for
one week, while devices without graphene decreased to 46% of their initial average PCE
due to drops in both Jsc and FF. After being subjected to an inert atmosphere heat treatment
of 85℃ for 12 hours in the dark, complete PSCs with graphene showed no decrease in
average PCE, whereas those without graphene decreased to about 75% of their initial
average PCE due primarily to a drop in FF. ICP-MS data revealed that the MAPbI3 active
layer of PSCs without graphene after exposure to heat showed 49.7 ± 14.4 ng Ag/mL of
sample solution, while those with graphene showed only 5.8 ± 2.9 ng Ag/mL of solution.
These results show that monolayer graphene can be effectively used in PSCs to improve
their moisture and thermal stability without significantly compromising their overall
performance. Due to graphene’s resilience to multiple bending cycles and its roll-to-roll
compatibility, an exploration into the use of graphene in flexible and large area PSCs is
warranted to further promote its effectiveness in these photovoltaic systems.
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CHAPTER 8
FUTURE WORK
8.1 CuI:CuSCN Blends as the HTM in n-i-p PSCs
We have shown that p-i-n PSCs employing a CuI HTM (spin-coated from a 15 mg/mL
solution in MeCN onto ITO-coated glass and annealed at 100 °C) yield superior
performance compared to those p-i-n PSCs with a PEDOT:PSS, CuSCN, or CuI:CuSCN
composite HTM. Additionally, we have shown that p-i-n PSCs with a CuI from MeCN
HTM exhibit improved stability over 1032 hours in an inert atmosphere compared to those
p-i-n PCSs with a PEDOT:PSS HTM. Economically speaking, a solution-processable
inorganic HTM like CuI is preferred over an organic HTM like PEDOT:PSS, especially if
it also leads to higher solar cell performance and improved stability when used in complete
devices.
The low-cost, high conductivity properties of CuI is what drew Christians and co-workers
to use this material in place of the organic spiro-OMeTAD HTM in n-i-p PSCs.145 The
complete devices with a CuI HTM exhibited improved stability and (owing to its higher
electrical conductivity) higher FF’s compared to those devices with a spiro-OMeTAD
HTM. Nevertheless, the n-i-p PSCs with a spiro-OMeTAD HTM still showed higher
efficiencies than those with a CuI HTM due to their higher Voc. The CuI-based n-i-p PSCs
exhibited significant charge recombination compared to their spiro-OMeTAD-based
counterparts, which led to their lower Voc values. Since the CuI was deposited from a mixed
di-n-propyl sulfide:chlorobenzene solvent using a syringe pump method (not spin-coating),
it is possible that the increased recombination observed in the thicker (~2 µm) CuI-based
n-i-p PSCs was due to their poorer film morphology relative to the thinner (~300 nm) spiro-
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OMeTAD. Nevertheless, this study did show that CuI was a promising low-cost HTM
alternative for n-i-p PSCs and promoted future studies on this topic.
Nearly 4 years later, and again in an effort to find an alternative to the expensive and
unstable spiro-OMeTAD, Arora et al. investigated the use of CuSCN as an HTM in n-i-p
PSCs due to its low-cost, high hole mobility, good thermal stability, and well-aligned work
function to that of the perovskite active layer. Due in part to an optimized spin-coating
deposition strategy that improved CuSCN film morphology, the performances of n-i-p
PSCs employing a CuSCN HTM (19.22% on average) rivaled those employing a spiroOMeTAD HTM (19.6% on average). Additionally, with the help of a reduced graphene
oxide (rGO) spacer between the HTM and the Au electrode, the CuSCN-based PSCs
showed improved stability over the spiro-OMeTAD-based PSCs.171 This study was
essential in that it proved that a properly optimized CuSCN inorganic thin film could rival
one of the best and most widely-used organic thin films in terms of HTM performance in
an n-i-p PSC. It also exposed some of the weaknesses of using Cu-based HTMs in n-i-p
PSCs and offered alternatives to circumvent these issues for researchers looking to
implement this material in their devices.
Though our work has focused strictly on p-i-n PSCs, we recognize that the results from our
study with Cu-based HTMs could help to improve the performance and stability of n-i-p
PSCs. Figure 48 is an image of various Cu-based HTMs spin-coated onto the surface of
MAPbI3 perovskite films.
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Figure 48. Films of MAPbI3/Cu-based HTM after having different Cu-based HTMs
deposited onto the perovskite surface.

Unfortunately, it appears as though the best performing Cu-based HTM from our study
(CuI from MeCN) cannot be used as an HTM atop the perovskite layer in n-i-p
architectures since the MeCN solvent degrades the perovskite active layer. Fortunately, it
appears as though the DES solvent does not degrade the underlying perovskite layer during
deposition. The study from Arora et al. showed that CuSCN is a promising inorganic HTM
replacement for organic spiro-OMeTAD in highly efficient n-i-p PSCs171; however, our
study revealed that while PSCs fabricated using CuSCN from DES HTMs outperformed
those PSCs fabricated using CuI from DES HTMs, all PSCs with CuI:CuSCN (3:1, 1:1,
and 1:3 v:v) composite HTMs outperformed those with CuSCN HTMs. Therefore, it would
be worthwhile to study these CuI:CuSCN composite HTMs in n-i-p PSCs, especially since,
at least to our knowledge, there have been no reports of CuI:CuSCN composites being used
as the HTM in n-i-p PSCs.
Once film thicknesses and spin-coating conditions for the Cu-based HTMs from DES are
optimized for deposition atop MAPbI3 perovskites, complete n-i-p PSCs will be fabricated
using CuI:CuSCN (1:0, 3:1, 1:1, 1:3, 0:1 v:v) HTMs as well as a control HTM (e.g. spiroOMeTAD). The results will be compared, and then, similar to our study for the p-i-n PSCs,
various studies on the optical, crystalline/conductive, morphological, and band-level
alignment properties will be performed. We suspect that optics will play less of a role in
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this architecture since the HTM film is now above the perovskite layer, making efficient
light transmittance by the Cu-based film less of an issue and allowing for the fabrication
of thicker films if necessary (and possible). With optics being less of a factor, we believe
that the 1:3 CuI:CuSCN from DES HTM will lead to the highest performing n-i-p PSC due
to its superior crystallinity/charge transport potential properties and well-aligned VB level
to that of the perovskite active layer (relative to the other Cu-based HTMs that will be
studied). Additionally, films of 1:3 CuI:CuSCN from DES had excellent morphological
properties when deposited on a rough ITO surface, with only CuSCN and PEDOT:PSS
exhibiting superior film morphologies. To avoid direct contact between the top electrode
and the perovskite active layer, we expect that HTM film morphology will play a major
role in this architecture. Lastly, due to the unfavorable interactions of CuI and CuSCN with
Ag or Au electrodes, we expect that, for stability purposes, it may be necessary to include
an interlayer similar to the rGO employed by Arora and co-workers.171 We suspect that
monolayer graphene atop the perovskite or HTM layer could work well here as we have
already shown that it can help improve the thermal stability of PSCs due to its impermeable
properties.

8.2 The Effect of Graphene Overlayers on the Light Stability of PSCs
We have shown that monolayer graphene can be successfully incorporated into a complete
PSC atop the perovskite film without damaging the underlying perovskite active layer. The
presence of the impermeable graphene within the device helps to thwart moisture-induced
perovskite degradation as well as heat-induced metal ion diffusion from the top electrode
to the perovskite active layer. Since charges can easily tunnel through the single-atomthick graphene film, the graphene can improve the moisture and thermal stability without
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hindering the charge transport, and, thus, the overall performance of the PSC. Because of
graphene’s high molecular impermeability, we postulate that it could also help to improve
the light stability of complete PSC’s.
Photoinduced ion migration within the perovskite active layer has been linked to device
degradation and current-voltage hysteresis during device operation. For MAPbI3, the ions
I-, MA+, and Pb2+ are the possible mobile species, with I- and MA+ being the most likely
candidates for ion migration owing to their fast time scales associated with ion mobility.
Bag et al. used electrochemical impedance spectroscopy (EIS) to study photoinduced ion
migration within PSC’s.108 In the dark under applied bias, they observed only electronic
charge transport within the perovskite device; that is, only a single semi-circle in the highfrequency region of the Nyquist plot. However, under illumination and applied bias, the
Nyquist plots from EIS gave rise to a Warburg diffusion component in the low frequency
region typically associated with ion diffusion. Because iodide ion mobility is on the time
scale of less than 1 µs, it was concluded that evidence of iodide ion transport would be
masked by the semi-circle of the high frequency region. Therefore, the mobile ion
identified by the Warburg branch of the Nyquist plots was likely MA +. Owing once again
to its molecular impermeability, graphene could be a promising candidate to prevent ion
diffusion originating from the perovskite active layer. By placing monolayer graphene
above, below, or both above and below the perovskite active layer of a complete PSC, we
can use EIS to observe any possible ion diffusion. It is expected that the graphene
encapsulation of the perovskite active layer will prevent the diffusion of the MA+ ion,
which will translate to no observable Warburg component in the resulting Nyquist plots.
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It is not known to what degree ion mobility is necessary within PSC’s for optimum
performance, so while the graphene may prevent intrinsic ion diffusion, it will be
interesting to see the effect its presence has on the overall device performance. Since CuI
from MeCN will likely be used as the HTM in these complete devices due to its ability to
be successfully deposited on graphene (Figure 49), light-stability measurements (using
both EIS and J-V measurements) of PSCs with CuI from MeCN HTMs should first be
performed as a control.

500 nm
Figure 49. SEM image of CuI deposited atop a graphene surface. The CuI (15 mg/mL in
MeCN) was spin-coated onto the graphene at 3000 rpm for 60 sec and annealed at 100 ℃
for 10 mins. Note the improved surface morphology of CuI films on smooth graphene
compared to that of CuI films on rough ITO (Figure 22a).

Due to the presence of mobile iodine in CuI films, it is expected that there will be at least
some light-induced instability within the control. If the light instability is too severe with
PSCs employing CuI HTMs, however, then it may be necessary to switch to a more light106

stable HTM (one that can still be successfully deposited on graphene) for the benefit of
future tests. Once a suitable HTM has been identified and the aforementioned EIS
measurements have been performed on the control and graphene-containing complete
PSCs, then performance measurements will be done on the control and graphenecontaining PSCs to gain further insight onto the effect of suppressed ion diffusion on the
performance of PSCs. Of course, additional device characterization techniques should be
performed should questions continue to remain after the EIS and performance tests have
been completed.
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